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Compact Modeling of the RF and Noise 
Behavior of Multiple-Gate MOSFETs 
 
 
In the last decade, the downscaling of the complementary metal-oxide-
semiconductor (CMOS) has been the main technological process in the industry. 
However, we have reached a point where further scaling faces a significant 
challenge. The main issue arises from the high-channel doping required to control 
short-channel effects (SCE), which significantly degrades carrier mobility and 
reduces the drain current. It also increases bond-to-bond tunneling across the 
junctions, leading to an increase of the parasitic leakage current. In addition, the 
statistical fluctuation of channel dopants causes variations in the threshold voltage. 
As a consequence, the implementation of the new structures such as ultra-thin body 
(UTB) fully depleted (FD) silicon-on-insulator (SOI) and multiple-gate MOSFETs 
(MUGFETs), which require lower doping levels, appears to be the only viable 
alternative in silicon-based technologies to replace planar bulk CMOS devices. 
However, the tremendous challenges faced by the implementation of FD SOI 
devices (such as a precise control of the silicon film thickness, the reduction of 
source and drain resistances to tolerable values, etc.) has driven some major 
integrated circuits (IC) manufacturers - such as Intel or IBM - to directly target the 
fabrication and production of multiple gate transistors. 
 The introduction of multiple-gate structures has various advantages. As 
pointed in the last section, among these advantages is the improved electrostatic 
control of the charges in the channel, an increase in current gain and a reduction in 
UNIVERSITAT ROVIRA I VIRGILI 
COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS 
Bogdan-Mihai Nae 
DL: T. 1456-2011 
the junction capacitances. The existence of the second gate in the buried oxide 
increases the control in the channel because it reduces the influence of the 
penetrating lateral electric field which competes for the available depletion 
charges. This extra second gate or multiple-gate also increases the number of 
conducting surfaces which in turn increases the total current flow. 
 With the increase in device complexity come new challenges in modeling 
these devices. As the channel gets smaller and smaller, new effects appear, which 
put a strain on the current numerical simulators. In nowadays market, no one can 
afford to spend huge resources for simulation hardware, or hundreds of hours on 
numerical software simulations. Here is where the compact modeling of 
semiconductor devices comes in. It´s main advantage is that it drastically reduces 
the computation times, while being based on the physical characteristics of the 
devices, which ensures a remarkable compatibility with numerical simulators. At 
the same time, these models are perfect for use in circuit simulators, which allows 
circuit designers endless possibilities for new device architectures.  
 This research work has been conceived to cover precisely these aspects. 
The models described here are physical models, with very few adjusting 
parameters, that are usually replaceable with values extracted from experimental 
measurements; they are compact models, making use of approximate expressions 
that have been tweaked to offer a very good fit with numerical simulations and 
offering in exchange the advantage of computation speed, decreasing the 
simulation time and thus the productivity. Another major advantage is the fact that 
these models can be easily incorporated into circuit simulators, which allows 
designers to unleash the full capabilities of the design software to create new 
devices and applications.  
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The most promising SOI devices for the nanoscale range are based on 
multiple gate structures like the Double-Gate (DG), triple gate or FinFET and 
Surrounding-Gate (SGT) or Gate-All-Around (GAA). These advanced structures 
can be scaled more aggressively than the bulk-Si structures, hence, may be adapted 
for integrated circuit production. Also, these structures are regarded as a near ideal 
technology, offering a higher drive current than its SG SOI counterpart due to 
larger control over channel region, and this strongly enhances the immunity 
towards the short channel effects. With the evolution of MOSFET scaling to 
shorter gate lengths, the high-frequency capabilities of the transistor have reached 
the GHz regime so that RF circuit applications have been steadily growing. 
In this thesis, the performances of different Multiple-Gate MOSFET (DG, 
SGT and triple-gate) structures has been evaluated, for the RF mode of operation, 
and the noise performances of these devices has been studied. The modeling 
scheme is similar for all these devices and is adapted to each geometry.  
 The basis for all these models is the fully analytical compact model of the 
DG transistor described in chapter 2. This model is an extended version of a 
previously developed compact dc and charge model for doped DG-MOSFET from 
a unified charge control model derived from Poisson´s equation. A quantum case 
has been added, using a simple relationship between the inversion centroid and the 
inversion charge obtained fitting numerical simulation results. Using this compact 
charge control model, DC drain current models are derived assuming drift-
diffusion and hydrodynamic transport mechanisms.  
 We have proved that the electron heating has an important effect on the 
performances of the device, especially with scaling, thus the use of a transport 
model that takes into account this effect (the hydrodynamic transport model) is 
fully justified. 
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Several short channel effects have been incorporated into the model, such 
as the effect of hot carriers, channel length modulation, saturation effect, as well as 
the shot noise introduced by the tunneling gate current due to the very gate thin 
oxide (2nm). 
The RF and noise performances of DG-MOSFETs have been analyzed 
using the active transmission line approach from the compact charge control and 
drain current model. The results we have obtained show important differences in 
drain current, ft and fmax and noise performances between drift-diffusion and 
hydrodynamic transport models for short gate lengths. These differences comes 
from the effect of the velocity overshoot increasing the transconductance, and 
hence, ft and fmax. The intrinsic noise figure depends on the temperature model used 
in the simulation. For short-channel devices operated in the saturation region, noise 
exhibits a strong dependence on the drain bias because the velocity saturation 
region, where the noise temperature is high, occupies a large portion of the 
channel.  Hydrodynamic models predict higher noise temperatures in this region. In 
these devices, for typical RF operating bias points, the effect of the shot noise 
introduced by the gate current is small…however, with further downscaling, this 
effect will have a bigger importance in the final noise figure. 
The same approach has been applied to the SGT structure. In the SGT 
case, the charge control model comes from 2D device simulations where quantum 
effects corresponding to the intrinsic transistor parameters are taken into account. 
The channel current model includes the velocity overshoot and hot carrier effects in 
the noise temperature. RF and noise are analyzed using the active transmission line 
method. Furthermore, as an application of the model we have described the RF and 
noise performance of SGT devices with the gate length being downscaled.  
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 For these two devices (DG and SGT), we have also developed a compact 
noise model (instead of the channel segmentation method). It includes the channel 
noise, the induced-gate noise and the cross-correlation noise between drain and 
gate noises. The expressions are analytical and they depend on the mobile charge at 
the source and drain ends of the channel. The values of the excess noise factors and 
correlation coefficients follow the values previously obtained in the DG MOSFET 
model. Moreover, the compact noise model described does not use adjusting 
parameters, thus making it ideal for being used in circuit simulators with SGT 
MOSFETs.  
 This compact noise model reproduces the measured noise bias behavior for 
any gate length found for SG MOSFETs in the literature, without the need for 
additional parameters. Therefore, it is a very promising model for being used in 
circuit simulators with SG, DG or SGT devices. 
As for triple-gate (or FinFET) devices, we have proposed a compact RF 
model, based on the charge control model obtained for the SGT case, but modified 
for this specific architecture. The channel current model includes the velocity 
overshoot and the hot carrier effects in the noise model. The analysis of the RF and 
noise behavior has been done using the active transmission line method, and the 
noise performances have been studied with the downscaling of the gate length, to 
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1.1   A Timeline of Semiconductor Devices 
 
Brilliant inventors from of the 20th century have built on each other´s work to 
launch a revolution in electronics. We must pay tribute to the predecessors of 
Bardeen, Brattain and Shockley - the inventors of the transistor –, discoverers of 
electrons, the vacuum tube, purified crystals and diodes. The transistor opened the 
road for experimentation with new materials such as silicon and with a host of 
manufacturing techniques, leading to electronic devices that have altered every 
aspect of everyday life [ElecTime-2009]. 
 In 1904, Sir John Ambrose Fleming, a professor of electrical engineering, 
invents the thermionic valve, or diode, a two-electrode rectifier (a rectifier prevents 
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the flow of current from reversing). Building on the work of Thomas Edison, 
Fleming devises an “oscillation valve” – a filament and a small plate in a vacuum 
bulb. He discovers that an electric current passing through the vacuum is always 
unidirectional. 
 In 1907, Lee De Forest, an American inventor, files for a patent on a 
triode, a three-electrode device he calls an Audion. He improves on Fleming’s 
diode by inserting a gridlike wire between the two elements in the vacuum tube, 
creating a sensitive receiver and amplifier of radio wave signals. The triode is used 
to improve sound in long-distance phone service, radios, televisions, sound on film, 
and eventually in modern applications such as computers and satellite transmitters. 
 In 1940, Russell Ohl, a researcher at Bell Labs, discovers that small 
amounts of impurities in semiconductor crystals create photoelectric and other 
potentially useful properties. When he shines a light on a silicon crystal with a 
crack running through it, a voltmeter attached to the crystal registers a half-volt 
jump. The crack, it turns out, is a natural P-N junction, with impurities on one side 
that create an excess of negative electrons (N) and impurities on the other side that 
create a deficit (P). The discovery heralds the coming of transistors. 
 In 1947, John Bardeen, Walter H. Brattain, and William B. Shockley of 
Bell Labs discover the transistor. Brattain and Bardeen build the first point contact 
transistor, made of two gold foil contacts sitting on a germanium crystal. When 
electric current is applied to one contact, the germanium boosts the strength of the 
current flowing through the other contact. Shockley improves on the idea by 
building the junction transistor - "sandwiches" of N- and P-type germanium. A 
weak voltage applied to the middle layer modifies a current traveling across the 
entire "sandwich." 
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 In 1954, Gordon Teal, a physical chemist formerly with Bell Labs, shows 
colleagues at Texas Instruments that transistors can be made from pure silicon - 
demonstrating the first truly consistent mass-produced transistor. By the late 1950s 
silicon begins to replace germanium as the semiconductor material out of which 
almost all modern transistors are made. 
 In 1958-1959, Jack Kilby, an electrical engineer at Texas Instruments and 
Robert Noyce of Fairchild Semiconductor independently invent the integrated 
circuit. In September 1958, Kilby builds an integrated circuit that includes multiple 
components connected with gold wires on a tiny silicon chip, creating a "solid 
circuit". In January 1959, Noyce develops his integrated circuit using the process 
of planar technology, developed by a colleague, Jean Hoerni. Instead of connecting 
individual circuits with gold wires, Noyce uses vapor-deposited metal connections, 
a method that allows for miniaturization and mass production. 
 We arrive at 1962, when the metal oxide semiconductor field effect 
transistor (MOSFET) is invented by engineers Steven Hofstein and Frederic 
Heiman at RCA's research laboratory in Princeton, New Jersey. Although slower 
than a bipolar junction transistor, a MOSFET is smaller and cheaper and uses less 
power, allowing greater numbers of transistors to be crammed together before a 
heat problem arises. Most microprocessors are made up of MOSFETs, which are 
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1.2   Silicon-on-Insulator Technology 
 
In 1965, Gordon Moore, one of the visionaries of the semiconductors field, 
predicted that the number of components the industry would be able to place on a 
computer chip would double every year. In 1975, he updated his prediction to once 
every two years. It has become the guiding principle for the semiconductor 
industry to deliver ever-more-powerful chips while decreasing the cost of 
electronics, and over the years and for more than four decades, Moore´s “law” has 
held true. Figure 1.1 shows the latest update of Moore´s law, which sees the 
introduction of the world´s first processor with 2 billion transistors. 
The extraordinary evolution of microelectronics has thus been made 
possible by continuously shrinking the size of the transistors and overcoming the 
challenges encountered at each transistor generation [Lederer-2006]. For a long 
time, the silicon-based planar bulk CMOS technology has been the choice of the 
microprocessor manufacturers due to its low cost and excellent scalability. Figure 
1.2 shows the evolution of the transistors gate length for the last decades, as well as 
the predictions made by the International Technology Roadmap for 
Semiconductors (ITRS) for the next 15 years. 
According to the 2009 ITRS Roadmap [ITRS-2009], the downscaling of 
the complementary metal-oxide-semiconductor (CMOS) has reached a point where 
further scaling faces a significant challenge. The main issue arises from the high-
channel doping required to control short-channel effects (SCE), which significantly 
degrades carrier mobility and reduces the drain current. It also increases bond-to-
bond tunneling across the junctions, leading to an increase of the parasitic leakage 
UNIVERSITAT ROVIRA I VIRGILI 
COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS 
Bogdan-Mihai Nae 
DL: T. 1456-2011 
current. In addition, the statistical fluctuation of channel dopants causes variations 
in the threshold voltage. 
 
 
Fig.1.1. Moore´s law – plot of Intel CPU transistor counts against dates of introduction 
[Intel-2010] 
 
As a consequence, the implementation of the new structures such as ultra-
thin body (UTB) fully depleted (FD) silicon-on-insulator (SOI) and multiple-gate 
MOSFETs (MUGFETs), which require lower doping levels, even though also 
requires a special gate stack, appears to be the only viable alternative in silicon-
based technologies to replace planar bulk CMOS devices. 
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However, the tremendous challenges faced by the implementation of FD 
SOI devices (such as a precise control of the silicon film thickness, the reduction of 
source and drain resistances to tolerable values, etc.) has driven some major 
integrated circuits (IC) manufacturers - such as Intel [Kavalieros-2006] or IBM 




Fig. 1.2. ITRS predictions for the next 15 years [ITRS-2009] 
 
SOI therefore appears as a necessary option for future silicon-based 
devices. The continuous and long term efforts that have been devoted to 
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developing and producing SOI by many independent and private research groups 
have grown SOI into a mature technology.  
The use of SOI in the digital microprocessor world is now globally spread. 
However, as SOI is especially suited for low power applications, the technology 
has spread to the analog world, being a serious option for low-cost analog/RF 
products, such as front-end receivers of mobile phones. 
Within the SOI planar technology, two distinct families of devices are 
classically considered, namely fully-depleted (FD) and partially-depleted (PD) 




Fig.1.3. FD (a) and PD (b) structures 
 
In FD MOSFETs, the thickness of the silicon film is reduced in such a way 
that the depletion region below the inversion channel extends down to the buried 
oxide. In this case the entire Si film is depleted from free carriers. When the film is 
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made thicker the depletion region can stop at a certain depth within the silicon film, 
leaving an un-depleted region above the buried oxide called the body. For this 
reason such devices are referred to as partially-depleted MOSFETs. The floating 
potential of the body region in PD MOSFETs is responsible for the floating body 
effects, which affect the device´s electrical behavior. 
The electrical characteristics of FD and PD MOSFETs are distinct and 
confer different advantages to both types of devices (see Table 1.1 for more 
details): 
• FD MOSFETs: they present nearly ideal subthreshold slopes, enabling the 
reduction of the threshold voltage and power consumption. Junction 
capacitances are the lowest and the FD technology is therefore particularly 
suited for ultra low power analog applications [Vanmackelberg-2002; 
Ichikawa-2004]. 
• PD MOSFETs: they present a reduced process complexity compared to 
FD devices [Shahidi-2002]. They also present other advantages such as a 
dynamic threshold voltage (VTH) (which can boost the drain current and 
reduces switching times [Cristoloveanu-2001]), an easier processing of 
multiple VTH circuits, and the possibility of connecting the body (thereby 
enabling to completely suppress floating body effects under DC conditions 
[Shahidi-2002]). The characteristics of PD devices make them very 
attracting for high speed, high performance digital applications. 
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Type PD FD 
Structural  
Differences 
• Doped channel 
• Top silicon 50 to 90 nm thick (or 
more, for “thick SOI” applications) 
• Insulating BOX layer is typically 100 
to 200 nm thick  
• Often uses undoped or slightly doped 
channel 
• Top silicon 5 to 20 nm thick 
• Insulating BOX layer may also be 
ultra-thin – 5 to 50 nm 
Target 
Applications 
• High performance microprocessors 
• Most others (embedded, analog, RF, 
automotive, power, military, aero-
space, etc.) 
• High performance microprocessors 
• Low-power electronics 
• Ultra-low power 
Advantages 
• Well understood 
• Industrially proven 
• Easy to fabricate 
• Can leverage floating body for 
performance gain or memory 
applications 
• Leakage and power consumption are 
drastically reduced 
• For undoped channels, random 
fluctuations in VT are minimized 
• No floating body effect: easier to 
control short-channel effects 
Challenges 
• Physical limits to scalability are 
approaching for high- performance 
  
• New metrology needed for defect 
detection in very thin layers 
• VT defined by gate work function and 
intrinsic body 
• Very thin body can be challenging to 
manufacture and implement  
Nodes 
• 180 nm to 22 nm • 22nm and beyond for high 
performance microprocessors and low 
power electronics 
• Ultra-low power now at 150nm 
Table 1.1. Comparison between FD and PD MOSFETs 
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1.3   Advantages of SOI over bulk 
 
At a device or circuit level, the advantages of SOI over bulk CMOS technologies 
are well known [Cristoloveanu-2001; Colinge-2004; Flandre-2001], and can be 
summarized as follows: 
• Substrate isolation: as the BOX insulates the source/drain extensions 
from the substrate (Fig. 1.4b), junction capacitances and leakage current 
are reduced. This yields increased speed and reduced power consumption 
compared to the bulk technology. The isolation from the substrate also 
provides immunity to latchup. 
• Reliability: SOI are insensitive to radiation effects, since electron-hole 
pairs are generated in the thick silicon substrate instead of the thin active 
film 
• Top material: since the smart-cut process can be adapted to transfer any 
semiconductor material on top of the buried oxides, strained SOI (sSOI) 
and SiGe-on-insulator (SGOI) wafers can be easily fabricated. 
• High-Resistivity (HR) substrates: the use of HR substrates is hardly 
compatible with bulk CMOS when digital circuitry is required (due to 
latchup issues [Huang-1982; Yamaguchi-1984]) unless patterned implants 
of deep boron doses are used to locally reduce the substrate resistivity 
[Benaissa-2003]. In SOI, low loss HR substrates can be easily fabricated 
and boost the performance of Si-based radio-frequency (RF) circuits. 
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Fig. 1.4. Cross-section of a bulk (a) and SOI (b) MOSFET 
 
• Increased layout density: unlike bulk, neither wells nor deep trenches are 
needed to isolate the devices from one another, allowing flexibility for 
more compact designs and offering a simplified technology. 
• New device architectures: the use of SOI substrates facilitates the 
fabrication of SCE-free multiple gate devices at nanoscale dimensions, 
which form the future of the CMOS Roadmap. 
There are also some disadvantages in using SOI technology, such as: 
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• Self-heating: due to the presence of the insulator which is not able to 
conduct heat away from the device fast enough, the effect of self-heating 
occurs. This can lead to a degradation of the current in the device at high 
current dissipation. 
• High cost of the wafer: the cost of the wafer is about 2-3 times the cost of 
the bulk wafer, however after the completion of the process, the overall 
increase in cost is only about 20-30%. 
It is quite clear that the advantages of using SOI technology for CMOS 
devices outweigh the disadvantages.  For that reason, major companies, such as 
IBM, AMD, Sony, Freescale and many others are already implementing SOI based 
transistors in their products.  
However, even within this SOI technology, devices are already reaching 
limitations. The main drive to move from classical devices such as Single-Gate 
(SG) MOSFETs is due to the demanding microelectronics industry and particularly 
the demand of the industry to shrink devices in the nanometer dimensions. 
Nowadays, electronic devices are not only getting smaller, but they also need to be 
multi-functional, with ever increasing demands and requirements. In order to meet 
them, the core of these electronic devices must be the first to be reinvented and 
redesigned [Ming-2007]. 
In the last decade, we have seen some remarkable technology at work, 
from just a few devices on a single silicon wafer, to Very-Large-Scale-Integration 
(VLSI) and in the last few years, this has moved to what is known as Ultra-Large-
Scale-Integration (ULSI), in keeping with Moore’s Law. This constant shrinking, 
however, has its limits, and we have reached the point where materials and device 
issues are starting to arise, opening the door for alternative device structures. The 
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most promising SOI devices for the nanoscale range are based on multiple gate 
structures, such as the double-gate (DG), the triple gate or fin-shaped field-effect 
transistor (FinFET), and the surrounding gate (SGT) or gate-all-around (GAA). We 
will describe in detail these novel devices in the next section. 
 




Multiple-gate transistors are devices with more than one gate operating 
simultaneously on the channel of a MOSFET. The idea of the multiple-gate device 
was first introduced in early 1980s. Sekigawa [Sekigawa-1984] exhibited his dual-
gate device which was named XMOS in 1984. However, the first fabricated device 
was only made in 1989, where the DELTA (DEpleted Lean channel TrAnsistor) 
device was introduced by Hisamoto [Hisamoto-1989]. In 1987, Balestra proposed 
the GAA structure [Balestra-1987]. He simulated and experimented with the GAA 
device on a SIMOX wafer and showed that there was a big improvement in the 
subthreshold slope, current drive, transconductance. From these first devices, it was 
shown that the multiple-gate architecture has some interesting characteristics. One 
of the most important ones is the gate control over the electrostatic charges. This 
increased charge control in the channel translates into improved short channel 
effects. Another distinct characteristic of multiple-gate devices is the increased 
current.  
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Multiple-gate devices can also be grouped into various categories based on 
the conduction characteristics. The planar DG structure exhibits conduction in the 
planar horizontal direction. This means that the current flows parallel to the top 
substrate surface and along the <100> crystalline plane. The FinFET and other 
similar architectures also exhibits flow in the horizontal direction but it is different 
compared to the DG devices because the current flows in the <110> crystalline 
plane. However, for the triple-gate and the quadruple-gate devices, the current flow 
is a combination of flow in both the <100> and <110> planes, but still in a 
horizontal direction. Vertical MOS will have a conduction flow in the vertical 
direction. 
The definition of the various multiple-gate structures can be easily 
mistaken if not defined properly based on their physical gate dimensions. The DG 
architecture can be characterized into two different types, planar or non-planar. The 
FinFET can be seen as a non-planar DG MOS if the two side gates are more 
prominent in dimension compared to the top (third) gate. If all three gates of the 
FinFET become more comparable in dimensions, this changes the structure into the 
triple-gate MOS structure. A quadruple-gate or GAA device can also be seen as a 
3-dimensional DG if the two side gates are so far apart that they become ineffective 
compared to the two top and bottom gates. Figure 1.5 shows the various multiple-
gate structures described above, which are the focus of this current research work. 
 
1.4.2 Advantages of the multiple-gate structure 
 
The introduction of multiple-gate structures has various advantages. As pointed in 
the last section, among these advantages is the improved electrostatic control of the 
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charges in the channel, an increase in current gain and a reduction in the junction 
capacitances. The existence of the second gate in the buried oxide increases the 
control in the channel because it reduces the influence of the penetrating lateral 
electric field which competes for the available depletion charges. This extra second 
gate or multiple-gate also increases the number of conducting surfaces which in 
turn increases the total current flow. An interesting characteristic of the multiple-
gate devices is the so called volume inversion phenomenon. This phenomenon has 
 
 
Fig.1.5. Multiple Gate MOSFET devices: 1-DG; 2-Triple-gate; 3-quadruple-gate; 4-PI-gate 
 
many advantages in the functioning of the device. However, it is only limited to 
certain operation conditions. The mobility in multiple-gate devices is increased 
compared to the normal single-gate MOS transistor due to the reduced transverse 
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electric field and during the operation in the volume inversion mode, as well as the 
usual use of undoped materials. In the next paragraphs, some of the advantages are 
presented in more detail. 
 
1.4.2.1 Subthreshold regime  
 
One of the main advantages of using multiple-gate devices is the highly improved 
electrical characteristic in the subthreshold regime. This characteristic is further 
enhanced when the multiple-gate architecture is combined with the use of a thin 
silicon film. The threshold roll-off of FD SOI multiple-gate devices is much 
improved compared to the SG MOSFET, which is related to the reduction of the 
body effect. The body effect (γ) is already lowered due to the use of a SOI wafer, 
but in combination with extra gates, this body effect is decreased further. Equation 
(1.1) shows the correlation between the body effect and the threshold voltage for a 
FD device [Colinge-2004]. 
2TH GdV dVγ= ×  (1.1) 
where VG2 is the back gate voltage and VTH is the threshold voltage. 
The drain induced barrier lowering (DIBL) characteristic of a FD multiple-
gate transistor is much improved over a normal SG MOS transistor [Colinge-2002]. 
DIBL is the effect of the drain on the source barrier. This means that as the channel 
length is reduced, the threshold voltage will be influenced by the drain voltage 
leading to a drastic reduction as the drain voltage increases. This change is caused 
by the increased control of the drain towards the charges in the channel as the gate 
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length is reduced. The improved DIBL characteristic of FD multiple-gate MOS 
devices comes from the increased control of the gate on the charges in the channel, 
which allows for further downscaling of the device compared to the SG 
technology. 
The subthreshold slope (S) is the inverse of the drain current to gate bias 
derivative in the subthreshold regime. The behavior of the device in the 
subthreshold regime is reflected by the subthreshold slope, as it shows the change 
of the subthreshold current with respect to the change in gate voltage. In an ideal 
transistor, the subthreshold current (drain current) is zero when the gate-to-source 
bias is less than the threshold voltage. However, such an ideal behavior is never 
obtained in practice. The idea value of the subthreshold slope is 60mV/dec at room 
temperature. A sharp subthreshold slope is desired because, as mentioned, it 
reflects on the subthreshold current with respect to the change in gate bias. 
Equation (1.2) shows the relation between the subthreshold current ( DSsubI ) and the 
gate-to-source bias ( GSV )   [Neaman-1997]. 
exp ln(10) 1 expGS DSDSsub
V eVI
S kT
    ∝ × × − −       
 (1.2) 
where e is the electronic charge, k is Boltzman´s constant and T the temperature. 
Another figure of merit to measure or predict the short-channel effect for 
devices is what is known as the natural (or characteristic) length, λ. This 
characteristic length determines how far the electric field lines will penetrate the 
device and affect the depletion zone, and it depends on the gate oxide and silicon 
thickness. This characteristic length was first introduced by R.-H. Yan et al. [Yan-
1992] as a guide for scaling the devices. It is desirable to have λ as short as 
possible. The λ concept is used to estimate the silicon film thickness and width of 
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the device in order to reduce as much as possible thee short-channel effects in the 
device, as described by J.P. Colinge [Colinge-2003]. 
 
1.4.2.2 Increased drain current 
 
One of the main advantages of the multiple-gate architecture is the increase of the 
total current generated by in the device. The current in a multiple-gate SOI 
MOSFET is proportional to the total gate width. The increase of the drain current 
per channel is related to the increase in the number of gates. For example, the 
current drive in a planar DG SOI MOSFET is twice that of a SG SOI MOSFET if 
the width and gate length are the same. Thus, the drive current would simply be 
2DSDG DSSGI I= ⋅ . 
In order to increase the current density ( DSI /occupied die area), we will 
have to expand the design of the devices. Among the factors that can increase the 
current density would be to modify the architecture of the device, increasing the 
number of devices on each die, introducing spacing between the fins creating 
multi-fingered devices, etc. Figure 1.6 shows a schematic cross-section of a multi-
fingered triple-gate transistor.  
The current in multi-fingered devices such as the FinFET and triple-gate 
devices can be expressed in general as Eq. (1.3) [Colinge-2003]. The FinFET is 
also known as a vertical DG device. 
( )0 2DS D fin finI I W H n= ⋅ + ⋅  (1.3) 
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where Id0 is the current of a unit-width, planar, SG device, Wfin is the width of each 
individual fin, Hfin is the silicon film thickness and n is the number of fins. From 
Eq. (1.3), for the FinFET, the drain current per device unit is reduced to: 
0 2DS D finI I H= ⋅  (1.4) 
due to the fact that the top gate would not be effective in generating current, thus it 
can be omitted. 
 
 
Fig. 1.6. Schematic cross-section of a multi-fin triple-gate transistor 
 
For a triple-gate device, since the width of the device is equal to the 
thickness of the silicon film, the current drive can be expressed as: 
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0 3DS D finI I H= ⋅  (1.5) 
One other great advantage of multiple-gate devices compared to SG is the 
volume inversion regime, described in detail in the next section. When the 
multiple-gate transistor is biased in weak inversion regime, we can benefit from the 
volume inversion phenomenon, which further increases the drive current. 
 
1.4.2.3 Volume inversion 
 
The volume inversion is a phenomenon found only in multiple-gate architectures. 
A device is said to be operating in volume inversion if there is a strong coupling 
between two conducting channels [Balestra-1987]. This happens only in a certain 
region of operation, usually around the threshold voltage for certain film thickness 
and doping concentration in the channel. When a device operates in volume 
inversion, the whole silicon film is inverted and there is an increase in the minority 
carriers leading to an increase in current and a reduction of the scattering effects. 
Because of this reduction in the scattering effects, there is an increase in the carrier 
mobility, especially in the center of the silicon film (due to the increase in electron 
concentration), which leads to an overall increase of the transconductance 
characteristic of the device.  
However, as mentioned before, in order to achieve this volume inversion 
mode of operation, certain criteria have to be met. For example, if we have a thin 
silicon film, but the doping of the film is too high, it does not necessarily mean that 
a few hundred milivolts above threshold the volume inversion mode would be 
achieved. This is because the Fermi level of such a device cannot be overcome due 
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to the high doping. The same can be said if we have an intrinsic doping but the 
silicon film is thicker than a certain value.  
 
1.4.2.4 Speed superiority 
 
Results have shown that the DG architecture exhibits excellent unloaded-circuit 
speed superiority compared to the SG device (SOI or bulk) [Fossum-2002]. The 
increase of the parasitic capacitances of the DG architecture compared to SG 
devices does not seem to deteriorate the overall speed. The operation of the DG 
architecture in lower supply voltage shows that it is a very promising candidate for 
future nodes. The increase in overall speed of the DG device is attributed to the 
much improved subthreshold slope and the on-state currents of more than a factor 
of 2. It was also shown that at low gate voltage and in saturation region the gate 
capacitance is relatively low [Fossum-2002]. This happens because in the DG 
devices, at low VGS, it does not need to support the dynamic charge as compared to 
the SG device. The dynamic charge is related to the common speed metric, which 
tends to overestimate the intrinsic delay of the DG MOSFET relative to the SG 
counterpart at low VGS.  
It is clear that the multiple-gate architecture is one of the most promising 
novel devices that will be able to move forward with the ITRS demands. The 
multiple-gate architecture has been proven to have good electrical characteristics 
even when the gate length is reduced to the nano regime, thus making it very 
suitable for deep submicron devices. One of the reasons to the good electrical 
characteristics of the multiple-gate architecture is the excellent control of the 
charges in the channel. They have also been shown to reduce the short-channel 
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effects even further compared to the technologically advanced SG devices, making 
them very suitable for radio-frequency applications, one of the most important 
markets for these devices. 
 
1.5 Compact modeling 
 
Compact models of devices are used in circuit simulators, in order to predict the 
functionality of circuits [Moldovan-2009]. These multiple-gate devices will be 
preferred in nanoscale circuits, thus calling for accurate and reliable compact 
models, including new device specific effects. These compact models that 
accurately describe the novel devices, and are computationally efficient are an 
important prerequisite for successful circuit design. The currently available 
compact models are facing enormous challenges in modeling the observed physical 
phenomena in the sub-90-nm technologies [Saha-2006]. The demands for advanced 
models, which can describe nanoscale silicon devices in analog and mixed-signal 
applications and can account for the physical effects on small geometry devices, 
have led to enormous research & development (R&D) efforts in the development 
of advanced physics-based compact models. 
For multiple-gate MOSFETs the principles of modeling will change as 
compared to the traditional SG MOSFET, firstly because they will have to 
introduce the volume inversion effect, secondly, contrary to bulk MOSFETs, 
depletion charges in multiple-gate devices are negligible because the silicon film is 
undoped (or lightly doped). Thus, only the mobile charge term needs to be included 
in Poisson’s equation. Therefore, the exact analytic solutions to 1D Poisson’s and 
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current continuity equations based on the gradual-channel-approximation (GCA), 
which assumes that the quasi Fermi potential stays constant along the direction 
perpendicular to the channel) can be derived, without the charge-sheet 
approximation. It is considered that the electrostatic control of the gates is good 
enough to neglect SCEs associated to 2D effects. Most models presented so far are 
for undoped devices with a long enough channel to assume that the transport is due 
to the drift-diffusion transport mechanism [Iniguez-2006; Taur-2004; Ortiz-Conde-
2005; Jimenez-2004].  
Using the above principles, some models for undoped DG [Taur-2004; 
Xiong-2005; Ortiz-Conde-2005; Jimenez-2004] and SGT [Iniguez-2006; Jimenez-
2003] have been published, showing good agreement with three dimensional 
numerical simulations. 
A very promising modeling approach presented recently  is based on the 
solution of Laplace’s equation for the extended body (including the gate insulators) 
of the short-channel nanoscale DG MOSFETs using conformal mapping 
techniques [Kolberg-2006; Fjeldly-2006; Kolberg2-2006]. This technique was first 
explored for the long-channel bulk MOSFETs [Klos-1996] and later for sub-0.1-
μm MOSFETs [Osthaug-2004], and finally for DG MOSFETs. 
However, for devices with channel lengths shorter than 50nm, the transport 
mechanism will probably not be drift-diffusion; ballistic or quasi-ballistic transport 
may appear. We cannot define a continuous quasi- Fermi potential that varies from 
the source to the drain and controls the mobile-charge distribution. What will 
happen is that carriers injected from the source will depend on the Fermi potential 
at the source, and carriers injected from the drain will depend on the Fermi 
potential at the drain. 
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For this, accurate models that will include the ballistic or quasi-ballistic 
regime are needed [Toriumi-1988; Natori-1994; Ren-2000; Chang-2000; Ge-2001]. 
On the other hand, for films smaller than 10 nm, quantum confinement in the film 
may not be negligible. Thus, accurate MOSFET models that include these new 
physical behaviours are crucial to design and optimize advanced VLSI circuits for 
nanoscale CMOS technology. 
In addition to the high levels of integration for digital circuit design offered 
by advanced CMOS processes, the high-frequency capabilities of the MOSFETs 
have reached well into the gigahertz range [Shaeffer-1977], opening new 
opportunities for RF circuit applications and creating new markets in the 
microwave and millimeter wave region. These MOSFETs are also capable of 
operating in the GHz regime because of their very high unit-gain frequencies of 
tens of GHz. The use of low power, low noise devices for future electronic 
applications is becoming more and more important. Especially, SOI devices are 
excellent candidates to become an alternative to conventional bulk CMOS for RF 
operation. High-resistivity SOI substrates have demonstrated a higher performance 
over standard-resistivity SOI and bulk silicon with regard to crosstalk at 
frequencies up to 10 GHz [Raskin-1997]. Also, SOI technologies are preferred for 
RF applications due their lower losses in passive devices [Lederer-2004]. However, 
when working at high frequencies, the noise generated within the device itself will 
play an increasingly important role in the overall RF IC performance, for example 
in the noise performance of a front-end receiver in a RF IC. Therefore, a physics-
based noise model which can accurately predict the noise characteristics of 
multiple-gate MOSFETs is crucial for the low noise, RF IC design. Accurate noise 
modeling is a prerequisite for the application of multiple-gate MOSFET 
technologies to low noise RF design.  
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1.6 Purpose of this work 
 
The main purpose of this research is to study in detail the various novel transistor 
architectures built on SOI MOSFET technology and their application to RF 
operation. Numerical characterization methods are very time consuming, thus an 
alternative is offered by compact models based on the physical characteristics of 
the transistors, models that are successful in reproducing the behavior of real 
devices and predict with certain accuracy the next performances of next generation 
devices.  
After the brief introduction in the world of semiconductors done in 
Chapter 1, we dedicate Chapter 2 to presenting the most important aspects of 
noise in transistors operating and RF. The noise parameters calculations is based on 
the equivalent circuit method, which is presented in detail, from the DC equivalent 
circuit theory to introducing the noise sources and finally solving the transistor 
equations for RF.  
Chapter 3 presents a compact model for DG MOSFETs, detailing the 
charge control model, the DC equations and finally analyzing the device at RF. A 
study of the drain and gate noise spectrums is carried on, and novel fully analytical 
equations for these figures of merit are obtained.  Results of the main figures of 
merit for RF operation (cut-off frequency - fT -, maximum frequency of oscillation 
- fmax -, minimum noise figure - Fmin) are presented, which are consistent with 
numerical simulations, and provide a good insight into what the next technological 
nodes will bring.  
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Chapter 4 presents a compact model for SGT, based on the DG transistor 
model presented before, and the same analysis that was done previously for DG is 
carried out for SGT, proving the validity of these kinds of devices for future 
downscaling.  
Chapter 5 presents a compact model for FinFET, also based on the DG 
transistor model, and it´s noise and RF analysis is carried out. The analysis proves 
that FinFET devices are a possible replacement for planar MOSFET transistors. 
Finally, some conclusions are drawn in Chapter 6, as well as some 
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The evolution of CMOS technologies in the microwave domain has required the 
development of specific characterization techniques. Methods have been developed 
to determine a correct model of transistors, based on the measurements of their true 
S-parameters. The models for high frequency transistors are basically of two kinds: 
• Polynomial models: they are obtained easily from measurements. They 
describe the behavior of the devices, as black boxes. They can be easily 
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introduced in circuit simulators, but no information about the device 
physics can be deduced from the model. 
• Physical small signal equivalent circuits: these circuits are usually close 
to the device physics. The circuit elements have a known origin, but they 
are not easily extracted from the S-parameters. 
The knowledge of the equivalent circuit is useful in developing circuit 
design methodologies, or to determine which parameters have strong influences on 
the performance of MOSFETs. 
In the following sections, a general equivalent circuit of MOSFET 
transistors is presented. It is created based in the device physics and its structure. 
Also, one of the most important parameters in high frequency transistor operation, 
namely the noise performance, is discussed.  
 
2.2 Small-Signal Modeling of SOI MOSFETs 
 
One of the advantages of SOI transistors compared to bulk devices is that at 
microwave frequency, the substrate does not influence significantly the behavior of 
the transistor. Thanks to the thickness of the buried oxide, the body effect can be 
neglected at high frequency [Gaffioul-2000]. There are no significant parasitic 
effects related to the substrate occurring at microwave frequency. Thus, it is not 
necessary to develop a four terminal model for the SOI transistor used at 
microwave frequency. Over the next sections, a general equivalent circuit of SOI 
MOSFETs is presented, which takes into account its intrinsic behavior and physical 
structure.  
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2.2.1 Useful effect 
 
The useful effect of a MOSFET is its ability to control its output current (ID) when 
a voltage is applied to the gate (VG). This behavior can be easily modeled using a 
voltage controlled current source connected between the device source and drain. 
The gate voltage will be applied between the gate and the source. A preliminary 
equivalent circuit, modeling the useful effect of the device, can then be drawn (Fig. 
2.1). The transconductance (gmi) is qualified as an intrinsic element, because it is a 
simple representation of the physical phenomenon that occurs inside of the 













where ids is the small variation of the drain current when a small variation of 





Fig. 2.1. Modeling of the useful effect of a MOSFET 
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Even if it denotes the useful effect of the MOSFET, the equivalent circuit 
(Fig. 2.1) is not efficient enough to describe the behavior of the device if the 
operating frequency is raised, as no parasitic elements are taken into account. 
 
2.2.2 Quasi-static model 
 
Due to transistor physics, there are influences from each device terminals on the 
others. These influences can be modeled by capacitances added in the equivalent 
circuit (Fig. 2.2). As explained in [Tsividis-1987], all these capacitances added in 
the equivalent circuit are bias depended and are related to variations of charges or 
currents when a small signal is applied around equilibrium on a terminal. The 





































These relations can be used only in quasi-static operation. The applied small signal 
is varying sufficiently slowly so that the charges respond instantaneously to the 
applied signal. 
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Fig. 2.2. Intrinsic quasi-static model of a MOSFET 
 
However, MOSFETs being imperfect current sources, an output 













The capacitances are not linked to any physical capacitor-like structure. 
They are representations of the influence of a voltage applied on a terminal on the 
charges being at another terminal, with regards to the MOSFET physics, and are 
called intrinsic capacitances. 
These intrinsic capacitances may not be reciprocal. Considering an ideal 
MOSFET in saturation, any variation of the drain voltage will not introduce any 
variation of the output current and of the gate charges because of pinch-off. Hence 
the drain to gate capacitance must be equal to zero. But if the gate voltage is 
changed, a variation of the current will occur, inducing a variation of drain charges. 
The gate to drain capacitance will then be higher than zero, and will be different 
from the drain to gate capacitance. 
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This non-reciprocal effect can be modeled by adding a parasitic element to 
the transconductance, defining a new one. The new “effective” transconductance 
( 'mig ) can be defined as: 
' j
mi mi m mig g j C g e
ωτω −= − = ⋅  (2.6) 
where 
m dg gdC C C= −  (2.7) 
 
2.2.3 Non-quasi-static model 
 
In the previous section, an equivalent circuit of MOSFETs has been presented, 
considering that charges respond without delay to the applied signal. But when the 
frequency becomes higher, the charges are not able to follow the signal 
instantaneously. This phenomenon can be observed more easily for long devices. 
According to Tsividis [Tsividis-1987], the upper frequency limit of the quasi-static 
model is proportional the cut-off frequency (fT), which is approximately 
proportional to 1/L2, L being the channel length of the transistor (Fig. 2.3). 
To model the non-quasi-static effects, the MOSFET channel can be 
divided into several small transistors connected together, as presented in (Fig 2.3). 
Then, quasi-static models are used for all sub-transistors. This solution is used 
when the values of different intrinsic elements are obtained using formulae from 
the physical model. If they must be extracted from measurements, this method 
cannot be used, as the number of unknowns increases drastically. 
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Fig. 2.3. Non-quasi-static modeling of a MOSFET using several quasi-static transistors 
connected together 
 
Instead of dividing the MOSFET into several small transistors, the non-
quasi-static effects can be modeled by introducing new elements in the equivalent 









Fig. 2.4. Intrinsic non-quasi-static model of a MOSFET 
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These elements introduce a delay between the signal and its effects. There 
are two kinds of elements: intrinsic resistances (Rgd, Rgs) that are in series with the 
intrinsic capacitances, and a time delay (τ) affecting the transconductance. The 
command of the voltage controlled current source is still the potential “v” applied 
to the intrinsic capacitance Cgs. 
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 (2.8) 
 
2.2.4 The extrinsic model 
 
In the previous sections, equivalent circuits have been defined considering the 
physical properties of the MOSFET channel. They are composed of several 
intrinsic elements, which depend on the device dimensions and on the applied bias. 
However, the physical structure of the MOSFET is more complex, and due to its 
geometry, some parasitic elements are surrounding the active part of the device, 
which are mainly bias independent. 
 In the following sections, these parasitic elements are described. They will 
be defined from the closest to the intrinsic region to the furthest, filling the gap 
between the intrinsic part of the device and the reference planes defined by the 
calibration (the pads). 
UNIVERSITAT ROVIRA I VIRGILI 
COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS 
Bogdan-Mihai Nae 
DL: T. 1456-2011 
2.2.4.1 Extrinsic capacitances 
 
Several parasitic capacitances are located around the channel of the transistor, as 
presented in Fig. 2.5. They are bias independent and proportional to the transistor 
width. They are named extrinsic capacitances and noted with an index “e”. 
The extrinsic gate-to-source (Cgse) and gate-to-drain (Cgde) capacitances are 
composed of two different elements. They include overlap capacitances, located 
between the gate oxide and the diffusion of the source and the drain under the gate, 
and fringing capacitances from the gate sides to the source and drain implants. 
The capacitance Cdse is different from the other extrinsic capacitances. It is 
the expression of the coupling between source and drain through the silicon film, 
the buried oxide and the substrate. The capacitance Cdse is the simplest high 









Fig. 2.5. Location of the extrinsic capacitances in the physical structure of the MOSFET 
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 The extrinsic capacitances are added to the previous equivalent circuit. A new one 
is obtained (Fig. 2.6). Its Y-matrix is given by: 
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Fig. 2.6. Intrinsic model of a MOSFET with extrinsic capacitances 
 
2.2.4.2 Extrinsic resistances and inductances 
 
The intrinsic gate, source and drain are connected to the “outside world” by gate, 
source and drain fingers. These fingers having a given resistivity, they are 
distributed resistances (Fig 2.7.). 
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These distributed elements are modeled using lumped resistances called Rg, 
Rs and Rd, since the transistor is generally small compared to the wave length. They 
are connected to the gate, source and drain respectively. 
The resistances Rd and Rs include the metallic losses and the contact 
resistances between the metal and the source and drain implants. They are 
proportional to the inverse of the transistor width. The resistance Rg includes the 
resistance of the gate fingers, which is proportional to the transistor width, and the 
resistance of some metallic lines. These lines connect the gate fingers together and 
to the reference plane, in most of the cases, the resistance of the gate finger is much 
higher than the others. It is usually considered as the only contribution to the 






Fig. 2.7. Distributed resistances along the fingers in the physical structure of a MOSFET 
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Using the same approach, parasitic inductances can be defined; they are 
called Lg, Ld and Ls. But nowadays, for sub-micron MOSFETs, these inductances 









Fig. 2.8. Equivalent circuit of a MOSFET including parasitic extrinsic resistances and 
inductances 
 
The equivalent circuit including these extrinsic elements is presented in 
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2.2.4.3 Extrinsic-Extrinsic Capacitances 
 
Since the dimensions of MOSFETs are shrinking, some parasitic couplings, which 
were negligible for larger devices, cannot longer be neglected. Considering the 
structure of modern MOSFETs, Gaffioul et al. [Gaffioul-2000] proposed to model 
the coupling between metal lines outside the active zone by new capacitances. 
These capacitances (Cgsee, Cgdee, Cdsee) are connected directly between the three 
terminals of the previous equivalent circuit (Fig. 2.6). Since they are bias 
independent and proportional to the transistor width, they are called “extrinsic-







Fig. 2.9. Equivalent circuit of a MOSFET including all extrinsic parasitic elements. 
 
The Y-matrix of the new circuit is defined by: 
UNIVERSITAT ROVIRA I VIRGILI 
COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS 
Bogdan-Mihai Nae 











j C C j C
Y










The small signal modeling of a MOSFET transistor is based on the 
determination of all the components that form the equivalent circuit, which 
adequately adjust the S parameters of the measured transistor. This equivalent 
circuit is divided into two parts: the extrinsic part (associated to the parasitic 
elements assumed constant with respect to the applied voltage), and the intrinsic 
part (related to the operation principle of a MOSFET, which depends on the 
applied voltage). The most used circuit is the π  equivalent circuit [Liechti-1976; 



















Fig. 2.10. Equivalent circuit for a FET transistor 
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The components of this equivalent circuit are described in Table. 2.1.  
 
Extrinsic Components 
Cgsee Extrinsic-Extrinsic Gate-Source capacitance 
Cgdee Extrinsic-Extrinsic Gate-Drain capacitance  
Cdsee Extrinsic-Extrinsic Drain-Source capacitance 
Lg Gate inductance  
Ld Drain inductance  
Ls Source inductance  
Rg Gate resistance  
Rd Drain resistance  
Rs Source Resistance  
Cgse Extrinsic Gate-Source capacitance 
Cgde Extrinsic Gate-Drain capacitance 
Cdse Extrinsic Drain-Source capacitance 
Intrinsic Components 
Cgs Gate capacitance 
Cgd Gate-Drain capacitance 
Cds Gate-Source capacitance  
Rgs Channel resistance 
Rds Drain-Source resistance 
Rgd Gate-Drain resistance 
gmi Transconductance 
τ Delay time 
 
Table 2.1. Basic components of the π equivalent circuit 
 
Figure 2.11 presents the physical interpretation of the main components of 
the equivalent circuit. Two types of components can be observed: the parasitic 
components associated to the capacitances and inductances of the transmission 
lines and pads, as well as the intrinsic components. Among the extrinsic elements 
we can observe the access resistances associated to the ohmic losses between the 
contacts and the conduction channel. The modulation effect of the electrons in the 
channel is represented using a controlled current source. The gate capacitances Cgs 
and Cgd represent the capacitances associated to the depletion zone present under 
the gate. The resistance Rgs represents the channel resistance. The drain-source 
resistance models the conduction of the substrate. The delay τ is associated to the 
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electrons transit time in the channel. Occasionally, the capacitance Cdc is included 
in order to model the dipole generated at the end of the channel, and generally its 
value is very small. The capacitance Cds is basically parasitic. 
 
 
Fig. 2.11. Physical interpretation of the equivalent circuit of a MOSFET transistor 
 
The equivalent circuit is justified using different physical models. In 
[Ladbrooke-1989] an equivalent circuit is obtained, which is a simplification of a 
RC line in the lineal region of the channel and modeling the saturation region 
through a controlled source. In [Roblin-1987] we find the expressions of the 
components starting from the wave equation, resulted from a combination of the 
charge control in HEMT transistors and the continuity equation, valid in the linear 
region. In [Danneville-1994] the components of the equivalent circuit are obtained 
from the analysis of a uniform active line.  
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Alternatively, in [Yeager-1986; Portilla-1994] a new equivalent circuit is 
presented (Fig. 2.12) for the intrinsic region, based on the concept of active 
transmission line in order to model the channel [Lazaro-1994]. The circuit includes 
two controlled sources to model the charge control in the two channel regions 
(weak and strong inversion). The main disadvantage of this circuit is the high 
number of components that make the parameter extraction more difficult [Lazaro-
2007]. The main difference between the classical equivalent circuit – valid in the 
linear region and voltage saturation – and the new circuit is that the latter is valid in 
all regions of operation. 
 
 
Fig. 2.12. Equivalent circuit of a MOSFET transistor in the active transmission line  
 
Noise temperatures are associated to the transconductances gd1 and gd2, 
which are of the order of the electronic temperature in each channel section, and in 
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principle, the noise sources can be considered uncorrelated and independent of the 
frequency, simplifying the noise characterization of the FET. 
 
2.2.4.4 Access parameters 
 
The equivalent circuit would not be complete without defining the access 
parameters, which add to the parasitic effects on the device. Depending on the 
device size and the measurement method, the reference planes after the calibration 
might not be located at the edge of the active zone. Thus metal interconnections 
remain at the input and at the output of the transistor, which were not canceled by 
the calibration. Also, when large devices are measured, the ground planes of the 
coplanar waveguide (CPW) line around the transistor are cut. Several parasitic are 
then introduced, and are independent of the transistor dimensions. 
 The parasitic effects of metallic interconnections are usually modeled by 
inductances and capacitances. These elements are considered lossless because their 
losses are negligible compared to those introduced by the extrinsic resistances in 
SOI technologies. Since they are bias dependent and not directly proportional to 
the device width, these elements are called “access” and are denoted by an index 
“a”. Figure 2.13 presents the final circuit embedded in a CPW line. 
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Fig. 2.13. General equivalent circuit of an integrated MOSFET embedded in a CPW line 
 
2.3 Figures of merit for RF applications 
 
Usually, the performances of RF transistors are evaluated using different 
definitions of gain, ROLLET´s factor, which is the condition of inherent stability, 
and some characteristic parameters related to the equivalent noise sources of the 
device.  
The transducer gain (Gt) of a transistor is defined as the ratio between the 
power delivered to the load and the available input power. The transducer gain is 
equal to 221S  and can be deduced directly from the measurement. This gain is not a 
relevant figure of merit of a MOSFET transistor. Indeed, the reference impedance 
of a measured S-parameters being usually 50Ω, the transistor is far from conjugate 
matching condition. Thus, the transducer gain is extremely low. 
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This current gain has some interesting properties as it is mainly 
independent of the extrinsic resistance of the MOSFET. But, as for the transducer 
gain, it imposes specific conditions at the transistor accesses (a short circuit at the 
output). These conditions are not optimal to extract the maximum of power from 
the device. 
The voltage gain can also be defined (Y21/Y22), but it is not often used. 
A more interesting definition of gain would be the Gain figure defined by 
Bodway in [Bodway-1967]. It is defined as the ratio between the forward (from 








=  (2.17) 
This definition is invariant to changes in generator and load impedances. It 
gives information on the ability of the device to provide power to a load. Indeed, 
when the device is not able to provide power, it behaves as a passive, and 
reciprocal, device. Thus, S21=S12 and the GF is equal to 1. Unfortunately, this 
definition of gain does not care about the stability of the device. The inherent 
stability of transistors is evaluated by the ROLLET´s factor, defined by: 
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− − + ∆
=  (2.18) 
where 11 22 12 21s S S S S∆ = − . 
If 1s∆ < , and K>1 the device is unconditionally stable, which means that 
whatever the passive load impedance at and access, the real part of the input 
impedance at the other access will never be negative. If 1s∆ < , and K<1, the 
device is potentially unstable. That means that specific passive load impedances 
can make the device unstable. It is then useful to determine approximately these 
impedances, and to avoid using them, in order to ensure stability. 
Now that the stability factor has been defined, the maximum available gain 









= − −  (2.19) 
This relation is very similar to the gain figure defined before, but with the 
introduction of a correcting factor, related to the stability of the device. When the 
device is conditionally unstable, this gain does not exist, because K<1. 
Another definition has been proposed by Mason [Mason-1954]. The 
unilateral gain (ULG) is the maximal available gain of a device when the stability 
is ensured by using a lossless feedback network to cancel the reverse transmission 
of the device (S12=0). This gain is defined by: 
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2.4 Cut-off frequencies 
 
Based on the different gains, it is possible to define several cut-off frequencies, as 
the frequency for which a gain becomes equal to unity, or 0 dB. The most used 
ones are: 
fT : It is defined as cut-off frequency of the current gain H21. It can be 
approximated for a MOSFET, considering the equivalent circuit from Fig. 









≈  (2.21) 
 
where Cgg is the total gate capacitance of a MOSFET (Cgg=Cgs+Cgd). It is 
an important coefficient to compare different technologies and devices. 
fc : When the equivalent circuit of a MOSFET is known, another cut-off 










=  (2.22) 
UNIVERSITAT ROVIRA I VIRGILI 
COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS 
Bogdan-Mihai Nae 
DL: T. 1456-2011 
 
fc is equal to the classical cut-off frequency (fT) when the capacitance Cgd is 
small compared to Cgs. It is not the case for deep sub-micron MOSFET 
[Dambrinne-2003]. 
fmax : It is the highest frequency where the device is able to provide power when 
it is in a stable state. As for fT, it is possible to develop a simplified 
expression of fmax based on the equivalent circuit of Fig. 2.14. Sze [Sze-
1981] provides the following relation: 
 
( )max 2 2
i
T
T g gd d g s gs
f
f





fmax is sensitive to the width of the gate, and to all the parasitic which 










Fig. 2.14. Simple small signal equivalent circuit of a MOSFET 
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The frequencies fT and fmax are directly extracted from S-parameter 
measurements as the cut-off frequencies of H21 and MAG respectively. For 
transistors having a cut-off frequency higher than the measurements frequency 
band, fT and fmax can be evaluated by (2.21) and (2.23).  
 
2.5 Noise Modeling 
 
2.5.1 Noise in two-ports  
 
The noise is an unwanted fluctuation that, when added to a signal, reduces its 
information content. In a communication system, noise can be classified into two 
broad categories, depending on its source. Noise generated by components within a 
communication system, such as resistors, solid-state active devices etc. is referred 
to as internal noise (or electronic noise). The second category, the external noise, 
results from sources outside a communication system, including atmospheric, man-
made and extraterrestrial sources [Chen-1997]. The focus of this research is the 
electronic noise, which defines the performances of the MOSFET devices under 
scrutiny.  
 The electronic noise in a communication system defines the lowest limit of 
a signal that can be detected. Below this limit, the signal would be “drowned” by 
the background noise. Therefore, the electronic noise directly affects the accuracy 
of measurements and the minimum power of a signal that can be used in a circuit to 
transmit information. 
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   When working at high frequencies, the effect of the noise generated within 
the device itself plays an increasingly important role in the overall system 
sensitivity characteristics, dynamic range and signal-to-noise ratio. Due to the 
rather long turnaround time and expensive cost of actual fabrication of analog 
circuits, noise simulation of an analog circuit using Computer Aided Design (CAD) 
tools is a realistic alternative to determine whether the overall noise performance of 
a circuit would be good enough to allow that circuit to function properly. In order 
to perform accurate noise simulations, an appropriate physically-based noise model 
that can predict accurately the noise performance of MOSFET transistors over a 
wide range of operating conditions of frequencies, currents and device geometries 
is needed. To this end, this research presents a noise model that includes all the 
high-frequency noise sources and their correlations and applies this model on 
several Multiple-Gates MOSFET transistors architectures. 
The circuit theory of linear noisy networks shows that any noisy two-port 
can be replaced by a noise equivalent circuit which consists of the original two-port 
(now assumed to be noiseless) and two additional noise sources [Hillbrand-1976; 
Dobrowolski-1991] (Fig. 2.15). In general, six different representations or forms of 
noise equivalent circuits exists depending upon the type of the additional noise 
source and their arrangement relative to the noise-less two-port. The most used 
representations are the admittance, impedance and chain representations. The 
admittance representation uses two current noise sources i1, i2. The impedance is 
the dual case and it uses two voltage noise sources, u1 and u2. Finally, the chain 
representation uses a input series voltage source u and a parallel current source, i 
(Fig. 2.15). 
 A physically significant description of these sources is given by the self- 
and cross-power spectral densities which are defined as the Fourier transform of  
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Fig. 2.15. Different representations of noisy two-port networks: admittance representation 
(a), impedance representation (b) and chain representation (c) 
 
their autocorrelation and cross correlation functions. Arranging these spectral 
densities in matrix form leads to the so-called correlation matrices. For two noise 
source s1 and s2, the correlation matrix C belonging to the noise source s1 and s2 
can be written as: 
† 2 *
1 1 1 1 2
* 2
2 2 2 1 2
s s s s s
C
s s s s s
= ⋅ =
    
         
 (2.24) 
where †  denotes the transpose conjugate operator. It is easy to transform the noise 
correlation matrix given by a representation to other noise source representation 
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using the concept of transformation matrix. If two noise source s1 and s2 are 









   
   
  
 (2.25)  
then the associated correlation matrix is given by: 
' †C T C T= ⋅ ⋅  (2.26) 
A set of transformation matrices covering all possible transformations between the 
impedance, admittance, and chain representations is given in Table 2.2. 
 Original representation 
 
Resulting 














































































Table 2.2. Transformation matrix between correlation matrix representations 
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 The interconnection of noisy two-ports is also formulated by means of 
operations with correlation matrices. The resulting correlation matrices for series, 
shunt or cascade interconnections are given by: 
1 2Z Z Z
C C C= +      (series) (2.27) 
1 2Y Y Y
C C C= +      (shunt) (2.28) 
1 2
†
1 2A A AC C A C A= + ⋅ ⋅      (cascade) (2.29) 
where the subscripts 1 and 2 refer to the two-ports to be connected. 
An important case is the passive two-port with thermal noise. In this case, 
the admittance and impedance correlation matrices could be obtained from 
admittance and impedance matrices and the physical temperature T. 
( )4 ReZC kT Z=  (2.30) 
( )4 ReYC kT Y=  (2.31)  
where k is the Boltzmann constant (k≈1.38·10-23 J/K). 
However, RF designers use the noise figure to characterize noisy circuits. 
The noise factor is a figure of merit for the performance of a device or a circuit 













= =  (2.32) 
where No is the actual noise power at the output of the two-port and No,ideal is the 
expected noise power at the output of the ideal (noiseless) two-port at reference 
temperature (T=T0=290K). The noise factor could also be interpreted as a 
degradation of the signal to noise ratio (S/N) at T0. The noise figure is the noise 
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factor expressed in decibels (NF=10log F). One more related figure of merit is the 
equivalent noise temperature, often used by antenna designers: 
( )0 1eT T F= −  (2.33) 
The total noise power at the output is highly dependent on the source 
impedance of the two-port. A unique optimum source impedance (Zopt) exists, that 
leads to the best noise performance. The noise factor measured with the source set 
to Zopt is called Fmin (or NFmin when converted to decibels). Zopt is frequently 
converted to the optimum noise reflection coefficient, called Γopt. A third noise 
parameter called equivalent noise resistance, Rn, is the sensitivity factor; it shows 
how fast NF increases as the source termination changes from Γopt. At a specific set 
of operating conditions, the three noise parameters (Fmin, Γopt, and Rn) can fully 
characterize the noise performance of a given two-port. Changing the temperature, 
frequency, and the dc bias conditions of the active device also change the noise 
















+ Γ − Γ
 (2.34) 
where Z0 is the reference impedance (often Z0=50Ω) and Γs is the source reflection 
coefficient. 
Having the noise chain correlation matrix CA, one can easily compute the 
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 (2.37) 
where Δf is the frequency bandwidth centered on frequency f. 
 The optimum reflection coefficient Γopt is not a function of the small-signal 
S-parameters. For optimum noise performance, the source reflection coefficient is 
not matched to the input - it is transformed to Γopt.  Since the input port is not 
conjugate-matched, in low-noise amplifiers we do not get the maximum gain of the 
two-port. Reactively matching or mismatching the output port does not have any 
effect on the signal-to-noise ratio and noise figure. Output matching, of course, 
provides more gain, which helps to reduce the noise contribution of the next stage. 
In multistage low-noise amplifiers, the goal is to minimize the overall noise 
performance. Ideally, all stages should see their optimum noise sources at their 
inputs, but that may not lead to minimum overall noise. Constant noise figure 
circles and available power gain circles are often used in low noise amplifier 
design [Gonzales-1984]. Circuit optimization is very helpful here to target 
minimum noise, flat gain response, and good output match simultaneously. 
 
2.5.2 Noise sources modeling 
 
Figure 2.16 shows the small signal equivalent circuit for a FET. Several noise 
sources must be considered. The first one is the thermal noise due to parasitic 
access resistances Rg, Rs and Rd. The other noise sources arise from intrinsic 
transistor. The intrinsic contribution is modeled using two correlated current noise 
sources, ig, and id (admittance representation [Hillbrand-1976;Dobrowolski-1991]). 
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They include the effect of the diffusion noise and flicker noise in the channel, 
induced gate noise and shot noise. In principle, the flicker noise [Celik-Butler-
2006; Min-2004; Simoen-2004; Morshed-2008; Ghibaudo-2006] is a low-
frequency noise and it mainly affects the low frequency performance of the device, 
so it can be ignored at very high frequency. However, the contribution of flicker 
noise should be considered in designing some RF circuits such as mixers, 
oscillators, or frequency dividers.  
 
 
Fig. 2.16. An equivalent circuit to illustrate the noise sources in a SOI MOSFET. iG, iS, and 
iD are the noise contribution by the terminal resistance at gate, source and drain, id is the 
noise contribution of the channel, including the flicker noise portion, and ig is the induced 
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The channel resistance and all terminal resistances contribute to the 
thermal noise at high frequency (HF), but typically channel resistance dominates in 
the contributions of the thermal noise from the resistances in the device. Induced 
gate noise is generated by the capacitive coupling of local noise sources within the 
channel to the gate, and usually it plays a more important role as the operation 
frequency goes much higher than the frequency at which channel thermal noise 
dominates. With the decrease of the oxide thickness due to gate downscaling, the 
DC tunneling Gate Current (TGC) flowing through the oxide in the gate is 
increasing. This gate current produces an increase of noise due to the shot noise 
current.  
 
2.5.2.1 Flicker noise 
 
Noise at low frequencies in a MOSFET is dominated by flicker noise. 
Measurements generally show a spectral density of the input (gate) referred voltage 
noise, which is roughly inversely proportional to frequency. Therefore, flicker 
noise is also called 1/f noise. Much effort has been made in understanding the 
physical origin of flicker noise. However, the physical mechanism is still not very 
clear so far.  
The exact mechanism is still under discussion; however, basically, there 
are two different theories to explain the physical origins of the flicker noise. In the 
carrier number fluctuation theory [Jindal-1978], originally proposed by Mc-
Whorter [McWhorter-1957], the flicker noise is due to the random trapping and 
detrapping processes of charge in the oxide traps near the Si-SiO2 interface. The 
charge fluctuation results in fluctuations of the surface potential, which modulates 
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the channel carrier density. For a uniform oxide trap distribution in the energy gap, 
the theory predicts an input referred noise density independent of the gate bias 
voltage and inversely proportional to the square of the gate capacitance, Cox. The 
mobility fluctuation theory [Jindal-1978; Hooge-1969], considers the flicker noise 
as a result of the fluctuation in bulk mobility based on Hooge’s empirical relation 
for the spectral density of flicker noise in a homogeneous sample. In the Hooge 
model [Hooge-1969], the drain current noise results from the fluctuations of the 
carrier mobility through variations in the scattering cross-section entering the 
collision probability likely due to phonon number fluctuations [Jindal-1981]. This 
leads to a flicker noise with amplitude inversely proportional to the total number of 
carriers in the device. This theory predicts an input referred noise voltage 
increasing with gate bias voltage and inversely proportional to the gate capacitance. 
Recently, a new model was presented, namely the Correlated carrier and mobility 
fluctuation model [Hung-1990; Hung2-1990]. It is a unified model proposed by 
Hung et al. [Hung-1990], with a functional form resembling the number fluctuation 
model at low bias and the mobility fluctuation model at high bias. The Unified 
Model shows a better agreement with the experimental data for both the n and p 
type devices over a considerable temperature range and thus it has become the 
most successful theory adopted for low frequency noise modeling and analysis. 
According to Ghibaudo et al. [Ghibaudo-1991; Ghibaudo-2002], if the low 
frequency noise mechanism is correlated number and mobility fluctuations, 2/
di D
S I  
shows a dependence on ( )2/m Dg I  following the relation: 
2 2
2 2
1di eff ox D m F
D m D ox
S C I g K
I g I WLC f γ
αµ
= +
   
   
  
 (2.38) 
UNIVERSITAT ROVIRA I VIRGILI 
COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS 
Bogdan-Mihai Nae 
DL: T. 1456-2011 
where f is the frequency, γ is the characteristic exponent close to 1 [Ziel-1979], gm 
is the transconductance (for convenience, and to be in accord with the accepted 
notation in the literature, we will use gm instead of gmi from this point on), μeff is the 
effective mobility, α is the Coulomb scattering coefficient (≈104 Vs/C for electrons 
and 105 Vs/C for holes), W is the device width, and L is the device length. 
The spectral density of the oxide interface charge depends in essence on 
the physical trapping mechanisms into the oxide. For a tunneling process, the 
trapping probability decreases exponentially with oxide depth, such that the 
constant KF is given by: 
2
F tK q kT Nλ=  (2.39) 
where Nt is the volumetric oxide trap density (eV/m3), λ is the tunnel attenuation 









where h is Planck’s constant, m* the electron effective mass in the dielectric and 
ΦB(V) the barrier height [Christensson-1968]. 
For a thermally activated trapping process [Surya-1988], the trapping 
probability decreases exponentially with the cross-section activation energy Ea, 










where ΔEa is the amplitude of the activation energy dispersion and Nit is the oxide 
trap surface state density (eV/m2). 
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Whereas, if the dominant mechanism is Hooge’s bulk mobility fluctuations model 
[Jindal-1981], 2/
di D
S I  shows a dependence on 1DI








I L I f
α µ= < >  (2.42) 
where αH is the Hooge parameter (≈10 -4–10-6) and <μeff> is the average mobility 
along the channel. 
For low drain voltages, the gate-leakage current is not negligible and is 
larger than the measured drain current [Morshed-2008]. The low frequency noise 
parameters have been extracted after correcting the drain current for the gate-
leakage current with the simple following expression: 
0D D D G S G GI I I I Iα α= + = −  (2.43) 
where IDO is the intrinsic drain current, ID the measured drain current, IS the 
measured source current, IG the gate leakage current, αD the gate-partitioning 
coefficient at the drain side, and αS the gate-partitioning coefficient at the source 
side. The αD coefficient is evaluated at VDS=0 in strong inversion regime and is 
equal to 25%. 
Measurements of devices from many different CMOS processes with oxide 
thickness between 10 and 80 nm suggest that nMOS transistors behave as predicted 
by the number fluctuation model [Vandamme-1994; Vandamme-2000]. However, 
noise measurements of newer deep submicron transistors present a much less 
consistent picture. For instance, nMOS transistors also may show bias dependence, 
while pMOS transistors may have a noise corner frequency comparable to nMOS 
transistors. Also, the experimental results show a 1/f n spectrum and n is not always 
1 but in the range of 0.7 to 1.2. Some experimental results even show that n 
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decreases with increasing gate bias in p-channel MOSFETs. Modified charge 
density fluctuation theories have been proposed to explain these experimental 
results. The spatial distribution of the active traps in the oxide is assumed to be 
nonuniform to explain the technology and the gate-bias dependence of n [Hung-
1986]. 
ITRS requirements dictate smaller device dimensions with ever-thinning 
gate oxide, which in turn leads to high gate leakage current in ultra thin MOSFET 
devices. In order to minimize this high leakage current, the semiconductor industry 
is going through an extensive search to investigate the feasibility of using high-
dielectric constant (high-κ) compounds as the gate dielectric material [Wilk-2001]. 
However, introduction of these materials in place of conventional SiO2 affects 
some of the fundamental device parameters, of which the carrier mobility 
degradation [Wilk-2001] and the low frequency noise behavior are of particular 
interest [Celik-Butler-2006; Min-2004; Simoen-2004]. Although the Unified Model 
is the most successful low frequency noise model for the native-oxide MOSFETs, 
the extracted parameter values using this model show noticeable discrepancies 
when applied to devices using stacked high-κ materials as the gate dielectric. A 
significant dependence on the interfacial layer thickness (IL) was observed in the 
extracted trap density values by different research groups, although IL thickness is 
not a model parameter in the original Unified Model [Hung2-1990; Ghibaudo-
1991]. Growth process of SiO2 has matured over decades, resulting in low carrier 
trap densities and consequently low noise. Unlike SiO2, high-κ material processing 
is still in research stage, with atomic layer deposition (ALD) being the most 
promising process technology [Quevedo-Lopez-2005]. The estimated dielectric 
trap density by different research groups is believed to represent an average value, 
as they appear to be dependent on the IL thickness as well as the process 
technology. Moreover, discrepancies in the reported average trap density values 
have been noted, even for the same high-κ material [Celik-Butler-2006]. This 
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disagreement in trap density extracted using the original Unified Model, may be 
attributed to the fact that the original model accounts for only the noise 
contribution from a single dielectric layer but not from the high-κ layer, as this 
layer is absent in the conventional native-oxide devices. Figure 2.17 shows 
contributions from the interfacial layer and the high-κ layer in the total drain 
spectral noise density [Morshed-2008].  
 
 
Fig. 2.17. Contributions from the interfacial layer and the high-κ layer in the total Sid 
(A2/Hz) for devices with TIL=1.8nm [Morshed-2008]. 
 
For typical IL trap density (~1016 cm-3eV-1), the noise contribution from IL 
falls more than 2 orders of magnitude below the total noise in the 1-100 Hz 
frequency range. Traps further away from the semiconductor interface contribute 
noise to the lower end of the frequency spectrum, while traps at the interface are 
fast-states and contribute fluctuations to the higher frequencies. Consequently, as 
the IL gets thicker, the noise contribution from the high-κ layer increasingly shifts 
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to the lower frequency range and at the same time higher frequency components 
get weaker since the noise contribution from the IL is relatively low. In [Ghibaudo-
2006], the low frequency noise in both SOI and bulk devices has been investigated. 
Figure 2.18 shows the normalized drain current noise spectral density 2/id DS I  of a 
W/L=10/0.05μm DG N-MOSFET at VDS=10mV and f=10Hz for different back-gate 
voltages. In PD, FD and Double-gate SOI MOSFETs the noise source was 
attributed to carrier number fluctuations, while in advanced bulk CMOS 
technologies the LF noise stems from carrier and correlated mobility fluctuations 
[Ghibaudo-2006]. No degradation of gate oxide quality as measured by oxide 
density of traps Nt was observed despite the ultra thin dielectric used. 
 
 
Fig. 2.18. Normalized drain current noise spectral density 2/id DS I  of a W/L=10/0.05μm DG 
N-MOSFET at VDS=10mV and f=10Hz for different back-gate voltages. Solid line: 
( )2/
GSV m D
S g I×  for double-gate mode [Ghibaudo-2006]. 
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2.5.2.2 Thermal noise 
 
At high frequency, the MOS transistor noise is mainly dominated by thermal noise 
(also called Johnson noise or Nyquist Noise) coming from the channel [Ziel-1986]. 
The term thermal is due to the origin of this noise, which can be traced to the 
random thermal motion of carriers in the channel. Accurate noise modeling is a 
prerequisite for the application of advanced CMOS technologies to low noise RF 
design. 
Let us consider a nonuniform channel as Fig. 2.19. In the segmentation 
method or active transmission line analysis, the channel is divided in channel 
sections or slices. The small-signal and noise source for each channel section can 
be derived from semiconductor equations. This method was used for noise 
modeling in other devices such as MESFETs [Cappy-1989], HEMTs [Shaeffer-
1977; Lazaro-2003], MOSFET and SG SOI [Lazaro-2006; Pailloncy-2004], DG 
MOSFETs [Lazaro-2006; Lazaro2-2006], GAA [Iniguez-2006; Lazaro-2008] and 
FinFETs [Lazaro2-2008].  The application of this analysis method will be used to 
describe small-signal and noise equivalent circuit. Although this analysis could be 
done using standard circuit analysis techniques implemented in standard 
microwave circuit simulators, it could be time consuming due the large number of 
circuit elements to be analyzed. However, compact explicit expressions for the 
spectral noise densities are preferred for implementation in commercial circuit 
simulators. 
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Fig. 2.19. Small-signal and noise equivalent circuit for a channel slice between x and x+Δx. 
An equivalent noise source in(x) has been introduced to model the channel noise. 
 
For the compact modeling of noise, three methods are usually applied: 1) 
an equivalent circuit approach, 2) the impedance field method, or 3) the Langevin 
or Klaasen-Prins method. These three methods have been proven to be equivalent 
by Roy et al. [Roy-2006], and the same final expression for the spectral densisties 
and correlation matrix elements were obtained. This research is based on the 
equivalent circuit approach, which is presented in detail in Annex II.  
The local equivalent circuit (Fig. 2.19) is composed of the channel 
capacitance, the transconductance, and the channel resistance (or conductance). 
Diffusion noise and gate shot noise can be incorporated to the model. The local 
equivalent circuit elements could be obtained from linearization of the current at 
any channel position x and the current continuity equation: 
( ) , dV dVI x g V
dx dx
 = ⋅ 
 
 (2.44) 
where g=WμQ is the channel conductance per unit length, and W, μ, Q are the 
width, mobility and inversion charge density. The mobility depends on the electric 
field E=-dV/dx, so g depends on the channel potential V(x) and the dV/dx. 
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( ) ( )m
GC
dQg x W x v x
dV
= ∆  (2.46) 
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where VGC(x)=VG-V(x) is the gate to channel potential and g’=dg/dE=WQ·dμ/dE. 
For high frequency noise analysis, channel diffusion noise source and gate 
shot noise for each slice are introduced. The modeling of the channel thermal noise 
of a MOSFET has been an active area of research in recent years [Deen-2006; 
Chen-2002; Han-2004; Scholten-2003; Roy-2005]. The method to calculate the 
local noise source due to the carrier fluctuation caused by the diffusion noise in 
nonequilibrium is to introduce an Einstein’s like relationship between the 





µ=  (2.48) 
where D is the nonequilibrium diffusivity, Tn is the noise temperature and μd is the 
differential mobility (μd=dv/dE). For the typical inversion carrier density in the 
inversion layer, we can consider that the channel is not degenerated, and the 
velocity distribution is heated Maxwellian [Roy-2005; Nougier-1977; Baker-1980; 
Seeger-1973]. Under this assumption the noise temperature Tn becomes equal to 
the carrier temperature Te, and the spectral current density can be written as [Roy-
2005]: 
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2 4 ( ) ( ) 4 ( ) 4 ( )
ni n n ch e ch
WS i qQ x D E kT g x kT g x
x
= = = =
∆
 (2.49) 
Under high channel electric fields, the temperature of electrons in the 
channel can rise above that of the lattice. This effect can increase the thermal noise 
of the device [Chen-2002]. However, in the drift-diffusion models an analytical 
relationship between Te and the lateral field E(x) must be used. One of the more 
challenging aspects of including the effect of electron temperature in the noise 
model is finding a good model for the electron temperature. A prevalent model in 
the literature expresses the electron mobility as a function of the temperature as 






µ µ=  (2.50) 












     
 
(2.51) 











     
 (2.52) 
For p=1 and p=2, eq. (2.52) shows that electronic temperature has a quadratic 
dependence for high electric fields. 
Replacing Te from (2.49) with the value from (2.52), we obtain a compact 
expression for the current noise spectral density between x and x+Δx: 
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(2.53) 
For p=1, we obtain a constant diffusion coefficient over the channel and that the 
degradation effect of the mobility by the longitudinal electric field approximately 
cancels out the enhancing effect of the carrier temperature. This assumption seems 
to be reasonable due to the very good agreement between measured and simulated 
data in [Han-2004]. 


















This longitudinal dependence has been obtained empirically in [Seeger-1973] for 
bulk devices. 
In the model of Chen and Deen [Chen-2002], the electronic temperature is 










     
 (2.55) 
where δ is a hot-carrier factor. 
Using this model, we obtain: 
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     
 (2.56) 
This model uses a velocity relation with p=1, obtaining for high fields a 
constant diffusion coefficient equal to δ times the low field diffusion coefficient 
whereas the diffusion coefficient decreases for fields below saturation field. It was 
experimentally found in [Chen-2002] that the best agreement with measurement 
results is obtained when δ is set to zero. Then, the diffusion coefficient decreases 
with longitudinal electric field. The differences between diffusion models will be 
studied in the next chapters. 
Assuming that the local noise source is spatially uncorrelated and ω is the 
angular frequency,   the drain and gate spectral densities and the correlation matrix 
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∫ ∫  (2.59) 
where 
( , ) ( , )
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=  (2.62) 
In order to calculate the integrals with respect to the potential in eqn. (2.57-2.59), 
we will obtain a relation between the mobile channel charge and the channel 
potential. The methodology used to obtain all these parameters is detailed over the 
next chapters, for each device geometry (DG, FinFET, GAA). 
 
2.5.2.3 Shot noise due to the tunneling gate current (TGC) 
 
With gate length downscaling, ultra-thin oxides below 4 nm exhibit a drastic 
increase of leakage current, called direct tunneling current [Schuegraf-1994]. In 
this regime, the gate oxide capacitor would introduce an extra noise current source, 
possibly a shot noise current source, besides two classical noise sources: drain and 
gate current noise. The impact of the direct tunneling current on high frequency 
noise performance is becoming critical. The gate shot noise current generated in 
each segment of the MOSFET flows along the channel and subsequently creates 
drain shot noise current as well, because it is uncorrelated with the origins of the 
drain and gate current noise. Since the direct tunneling current can be substantial, 
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the drain shot noise becomes comparable to the drain current noise in MOSFETs 
with oxides below 2 nm [Danneville-2005; Pailloncy2-2004; Pailloncy3-2004]. 
The tunneling gate current for each channel slide is given by direct tunneling 
current theory [Schuegraf-1994; Pailloncy3-2004]. The local gate current 
expression flowing through the oxide is given by: 
2( ) ( ) ( )g ox tunnelJ x AE x P x=  (2.63) 




































with the electric field within the oxide Eox(x) equal to: 
( ) / 2( ) ( ) si G FB s si box
ox ox ox ox




 − − +
= = = 
 
 (2.65) 
where φS is the surface potential, and Q is the sheet mobile charge density, Vox(x) is 
the voltage across the oxide (Vox(x)=Eox(x)tox), and Φb the barrier height equal to 














=  (2.67) 
where h is the Planck constant, and mox=0.4m0 (with m0 equal to electron mass). 
However, A, B and Φb are often considered as adjusting parameters in order to take 
into account quantification effects. 
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In order to take into account the shot noise associated to tunneling gate 
current is(x)=Jn(x)ΔxW in the segmentation method, we need to introduce a gate to 
channel noise source for each channel slice (see Fig. 2.20) with spectral density 
equal to: 
2 ( ) 2 ( )s si x qi x=  (2.68) 
The small signal conductance gg(x) associated with the tunneling current is given 
by: 






J x E x






However, for typical bias points its value is small compared with ωCgc, and it can 
be neglected as first approximation. 
The excess noise factors γ, β, or Pucel’s parameters R, P [Pucel-1974], and 
the imaginary part of correlation coefficient C, take into account only the 
contribution of the diffusion noise. To include the shot noise associated with gate 
tunneling, two current noise sources must be considered. It was shown in 
[Pailloncy3-2004], through numerical simulations of SOI MOSFETs using 
segmentation method, that the microscopic shot noise sources between the gate and 
the channel can be represented by two correlated macroscopic shot noise sources 
between the gate and source and between the drain and source, with spectral 
densities given by: 
,
2
, 2g shoti g shot GS i qI= =  (2.70) 
,
2
, 2d shoti d shot GS i qI α= =  (2.71) 
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where the factor α depend on the biasing and has typical values between 0.15 and 
0.3, and IG is the total gate current. 
 
 
Fig. 2.20. Small-signal and noise equivalent circuit for a channel slice between x and x+Δx. 
in(x) models the channel noise. The shot noise due to tunneling gate current for each slice is 
modeled by the noise source is(x). 
 
If we consider a fluctuation in the tunneling current flowing from the gate 
to the channel between x and x+Δx, it can be shown by solving the current 
continuity equation in the channel that the fluctuation in is given by: 
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( ) ( ) 1gs s
x
i x i x
L
δ = −  
 
 (2.73) 
The spectral density of the gate to source noise current is found integrating this 




2 ( ) 1 2 ( 2 )
gs
L
i g G GD
x
S qW J x dx q I I I
L
= − = − +  









I W J x dx
L
=   
 ∫  (2.75) 
The noise source fluctuation also produces a fluctuation in the gate to drain current 
given by [Ranuarez-2005]: 
( ) ( ) ( ) ( )gd s g s
x
i x i x i x i x
L





S qI=  (2.77) 
The cross-spectral density is found: 
*
, 2 ( )gs gdi i GDS q I I= −  (2.78) 
Finally, the gate to source igs and gate to drain igd currents are converted to the 











    
    
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 (2.79) 
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Fig. 2.21. Equivalent gate and drain shot noise source 
 
Then, the correlation matrices are obtained using the transformation matrix (2.79): 
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α =  (2.81) 
If we assume a linear variation of the gate current with position, an 
assumption that has been proposed before in the context of compact modeling and 
has been justified from numerical simulations [Ngo-2003], and defining the 






α =  (2.82) 
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then the factor α  is given by: 
5
6 g
α α≈ −  (2.83) 













The expressions (2.82-2.84) are suitable for compact modeling because the 
only required quantities are IG and αg, which are available in most compact models. 
Also note that while we have assumed only shot noise in the gate current, these 
equations are still valid if there are other noise components present in the gate 
current (such as flicker noise). Equations (2.83) and (2.84) only have physically 
meaningful values when αg is in the range 0.21–0.79 because it can be shown that 
if the gate current density depends linearly on the position along the channel, stays 
well within that range. Moreover, results from numerical solution of the current 
continuity equation indicate that is limited to values within this range even at 
relatively high gate and drain biases [Ranuarez-2005]. In this range, it can be 
shown that the correlation coefficient Cshot predicted by (2.84) is close to 0.8, which 
is the value obtained by A.Van der Ziel in the case of JFETs [Ziel-1969]. 
Even though the two shot noise sources are correlated, the effect in the 
final  noise is negligible for drain shot noise source because the diffusion drain 
noise source are predominant, and the spectral drain shot noise current is about 
30% lower than gate shot noise source. Analytical expressions for the four noise 
parameters as function of noise model parameters (R, P, C) can be found in 
[Danneville-2005].  
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These expressions are more accurate than the ones given in [Pailloncy3-
2004] because they take account the correlation coefficient between noise sources 
and the gate noise source contribution. In order to obtain simple close form 
expressions for the noise parameters in presence of a tunneling gate current, we 
suppose that 1-C2≈1 and P+R-2C(PR)1/2≈P. Using these assumptions, 
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The last expressions show that the tunneling gate current affects basically 
the Fmin and Gopt parameters. Expression (2.89) differs with the one given in 
[Pailloncy3-2004] by the factor Kshot. This factor takes into account the thermal 
noise due to Rg and Rs in the shot noise cut-off frequency. The effect is a reduction 
of this cut-off frequency. Because of the decrease of the oxide thickness along the 
down-scaling, the DC tunneling gate current (TGC) IG flowing through the oxide 
gets more and more important. Thus shot cut-off frequency increase with down-
scaling (see 2.89). 
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Ultrathin-body MOS transistors, and in particular, DG MOSFETs are considered to 
be a very attractive option to improve the performance of CMOS devices and 
overcome some of the difficulties encountered in further downscaling of MOSFET 
transistors into the sub-50 nm gate length regime [Balestra-1987; Fossum-2002; 
Fossum-2004; Kim-2001; Taur-2001]. One of the limiting factors in MOSFET 
downscaling is the static power consumption due to short channel effects (SCEs), 
including threshold voltage roll-off and subthreshold slope degradation, among 
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others. These effects increase the off-state leakage current. In DG MOSFETs, the 
gate control over the channel is stronger than in planar SG MOSFETs, thus these 
effects can be significantly reduced [Balestra-1987; Fossum-2002; Fossum-2004; 
Kim-2001; Taur-2001]. 
Nanoscale DG MOSFETs introduce challenges to compact modeling 
associated with the enhanced coupling between the electrodes (source and drain 
gates), quantum confinement, ballistic or quasi-ballistic transport, gate tunnelling 
current, etc. Most models in literature are for undoped devices with a long enough 
channel to assume the transport is due to the drift-diffusion mechanism [Taur-
2001; Francis-1994; Sallese-2004]. The electrostatics modeling is based on solving 
the one-dimensional (1D) Poisson equation perpendicular to the gates, thereby 
neglecting short-channel effects. 
These issues justify the need – and relative urgency - for advanced 
computer-aided-design (CAD) compatible models, based on the physics of the 
device, which can be used in circuit simulators. Such a model - for short-channel 
DG MOSFETs - is presented in detail in this chapter. 
The starting point is a classical model (without quantification effects) for 
the doped double gate MOSFET, which is analytical, explicit and continuous. It is 
based on a previous work by P. Francis et al. [Francis-1994] who presented a 
current model valid for low VDS. The model works in all operating regimes from 
weak to strong inversion and from linear regime to saturation. The current 
expression is based on a unified charge control model, written in terms of charge 
densities at the source and drain ends [Jimenez-2004; Iniguez-2005], and derived 
for a doped DG-MOSFET. It uses an accurate explicit expression of the inversion 
charge densities in terms of the applied bias, and no fitting parameters are used in 
the charge control model. The model is continuous through all operation regimes 
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(linear, saturation, sub threshold), up to well above threshold, and since these 
devices are not operated at high values of VGS, it is considered valid for all regimes 
of practical interest. 
This classical unified charge control model is extended to include 
quantification effects within the channel. This extension is based on the analytical 
solution for Schrödinger equation for an infinite potential well presented by 
Baccarani et al. [Baccarani-1999]. This hypothesis fails for strong inversion region 
where the wavefunctions differ from the case of infinite potential well [Trivedi-
2004; Ge-2000]. Using the concept of inversion layer centroid [Lopez-Villanueva-
2000; Ge-2000], a correction in the oxide capacitance is introduced in order to 
improve the accuracy in the strong inversion bias region. Finally, a compact charge 
control model is obtained, which includes quantum effects whose explicit 
formulation is similar to classical charge control. Velocity overshoot is included in 
the model using a one-dimensional energy-balance model. In contrast with the 
model presented by G. Baccarani et al. [Baccarani-1999], the effect of saturation 
region and the channel modulation length effect are considered. The low-field 
mobility data uses a model that takes into account the mobility degradation due to 
quantum effects [Ge-2002]. 
The DC model is extended to RF/microwave frequency range using the 
active transmission line approach [Iniguez2-2005; Lazaro-2006]. Diffusion and 
shot noise sources are included in the active line in order to study the noise 
behaviour of these transistors. Needless to say the carrier temperature has a great 
influence in the behaviour of the high frequency noise. Whereas in the drift-
diffusion models the carrier temperature is considered using empirical relationships 
with electric field, in the model presented here, the carrier temperature along the 
channel is obtained from the energy-balance model. In contrast with previous 
models for DG-MOSFETs [Iniguez2-2005; Iniguez-2006; Pailloncy-2004; Lazaro-
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2006], a compact model for RF/noise applications including quantum effects and 
hydrodynamic transport is presented, as well as a comparison between drift-
diffusion and non-stationary models. 
 
3.2 Charge Control Model 
 
3.2.1 A Classical Charge Control Model 
 
Figure 3.1 shows a drawing of a symmetrical DG-MOSFET. Using the Gradual 
Channel Approximation and neglecting the hole concentration, Poisson’s equation 
in an n-channel DG MOSFET reads as [Lazaro-2006]: 
( ) ( )[ ]2 2 , ( )
2
, q x y V xi kT
A
Si A











where φ  is the surface potential, q is the electron charge, Siε  is the permittivity of 
the silicon, NA represents the doping density, ni is the intrinsic carrier concentration, 
k is Boltzmann´s constant, T is the temperature and V(x) is the electron quasi-Fermi 
potential depending on the voltage applied to the channel between source and drain 
and is assumed to be independent of y [Francis-1994]. 
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Fig. 3.1. Double-Gate MOSFET structure 
 
The surface electric field ( )SE x can be written in terms of the mobile 
charge density (in absolute value) per unit area Q, and  the depletion charge density 










=  (3.2) 
By integrating eq. (3.1) between the centre and the surface of the film we get: 
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where ( ), / 2s six tφ φ= − is the surface potential and ( )0 , 0xφ φ= is the potential in 
the middle of the film. Equation (3.3) cannot be analytically integrated for the 
potential, but it is observed, from numerical simulations, that the difference 0sφ φ−  
keeps a constant value from the subthreshold region to well above threshold. 
At this point it is useful to define the average penetration of the inversion-
charge distribution yI into the silicon. Following J.A. Lopez-Villanueva et al. 
[Lopez-Villanueva-2000], due to the symmetry of the inversion-charge distribution 















yn y dy q





Integrating the one-dimensional Poisson’s equation between y=0 and y=tsi/2 
(neglecting the majority-carrier concentration and NA assumed constant) we obtain 
the following expression for the difference 0Sϕ ϕ− . 
2
0 2 8 2 8
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− = + = +  (3.5) 











− ≈ =  (3.6) 
where /si si siC tε= represents the silicon film capacitance. Approximation (3.6) is 
valid from subthreshold to well above threshold, which is demonstrated by the 
correct agreement with simulations, for low and moderate VGS (~2V). For high VGS 
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the surface potential increases much more rapidly than the mid-film potential, 
making the approximation less correct. 
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 (3.7) 
Note that V varies from source to drain, being V=0 at the source and V=VDS at the 
drain [Iniguez-2006], VFB is the flat-band voltage and Cox represents the capacitance 
of the oxide ( /ox ox oxC tε= ). 
 In order to calculate the charge densities from an explicit expression of the 
applied bias, the following equation is used: 
2
2 2
2 2 22 22 4 log 1









= − + + +
            
 (3.8) 
 Expression (3.8) is similar to the expression used in surrounding gate 
MOSFETs [Jimenez-2004; Iniguez-2005], where the charge control model has the 
same form as eq. (3.6). This expression tends to the desired limits below and above 
threshold (see [Iniguez-2005] for details).   
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3.2.2 A Quantum Charge Control Model 
 
Due to the confinement of electron motion normal to the Si–SiO interface, the 
conduction band within the transistor channel is split into several subbands, each 
being associated with its corresponding energy eigenvalue. Hence, the channel 
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where Nk is the density of states in the subband at energy Enk and Nt is the number 
of subbands generated by each minimum of the silicon conduction band. For a 
silicon with a <100> crystal orientation, two energy eigenvalues with generacy 











An initial approximation for the eigenvalues is given using the square potential 
well: 
( )2
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Using the perturbation theory, a first-order correction to the energy eigenvalues can 
be computed, as a perturbational potential energy [Baccarani-1999]: 
( )2 , /
2 i A si sisi
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where ρ is the average space charge density in the potential well and wn is the 
autofunction associated to the eigenvalue Enk. 
 An approximated channel charge can be obtained using the Boltzmann 
approximation: 
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where NA is the acceptor channel density, Cg is function of the oxide capacitance 






















= ∑∑  (3.21) 
 To verify the compact quantum-effect model, the predictions where 
compared with those obtained with SCHRED [Vasileska-2000], which numerically 
and self-consistently solves the Poisson and Schrödinger equations in arbitrary 1-D 
MOS structures. Figures 3.2 and 3.3 show the inversion charge as a function of 
gate bias for a DG-MOSFET ( Mφ =4.05 eV, tox=1.5nm) for tsi=5 nm, NA=10
17 cm-3 
(Fig. 3.2), and tsi=10 nm, NA=1017 cm-3 (Fig. 3.3). These figures compare the 
classical simulation (Poisson equation solved numerically with SCHRED) and the 
self-consistently Poisson-Schrödinger simulation, with the classical compact model 
(3.8-3.12) and the new compact model from eq. (3.18).  
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Fig. 3.2. Comparison of the inversion capacitance as a function of gate voltage between the 
classical and quantum models (tsi=5 nm, NA=1017cm-3). 
 
These figures shows an excellent agreement between the classical 
simulation and the classical compact model (3.8-3.12), validating the 
approximation from eq. (3.6). Nevertheless the quantum compact model (3.13-
3.17) and the simplified expression (3.18) do not agree with numerical simulations 
in the strong inversion region, but the agreement is better for low gate bias. These 
discrepancies arise from the infinite potential well approximation and the uniform  
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Fig. 3.3. Comparison of the inversion capacitance as a function of gate voltage between the 
classical and quantum models (tsi=10 nm, NA=1017cm-3). 
 
charge distribution in the well assumed equal to the mean value used in the 
eigenvalue calculation, in spite of a second order correction performed later in 
order to improve the initial eigenvalue estimation. Figure 3.4 shows the 
eigenfunction for a lower subband for different gate bias voltages. 
For a higher gate bias voltage the eigenfunctions differs from the 
eigenfunctions from the infinite potential well formulation. This effect is studied by 
L. Ge et al. [Ge-2002] where a set of trial eigenfunctions is proposed: 
( )/ ( )/2 ( 1)( ) sin
2
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where aj are normalisation factors, and bj are parameters that are found by a 




Fig. 3.4. Lowest subband eigenfunction (in 1/m* units) computed numerically as a function 
of normalised depth for VGS=-0.5V, VGS=0.5V and VGS=2V. 
 
Integrating Poisson’s equation over half the Si film yields [Lopez-
Villanueva-2000]: 
( )* *02 1 22 4
Dep ox
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Equation (3.23) is accurate in weak, moderate and strong inversion regions due to 
the fact that no simplified assumptions have been made in its deduction. Note that 
VTH is a nearly constant threshold voltage for strong-inversion conditions. 
 Equation (3.23) can be interpreted as a surface potential formulation for 
DG MOSFET devices. However, the inversion centroid is a function of the 
inversion charge Q. As a result a nonlinear equation that does not have an explicit 
solution is obtained. In the classical compact model, i.e. yI=0, Cox* reduces to Cox.  
 A simple relationship between the inversion centroid and the inversion 
charge obtained fitting numerical simulation results is given by J.A. Lopez-






I si I I
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with a=0.35nm, b=0.26, yI0=6 nm, NI0=7·1012 cm-2 and n=0.8. 
 Using a variational method and an eigenfunction (3.22), an alternative 
explicit expression to (3.25) is given by L. Ge et al. [Ge-2002]. 
Using the results of Figs. 3.2 and 3.3, we propose using the same charge 
compact model to include quantum effects but using the effective oxide 
capacitance Cox*, which is calculated using (3.24-3.25) from an initial iteration in 
the inversion charge given by eq. (3.13). This unified compact model has the same 
explicit expression for classical and quantum-effect model but using different 
threshold voltages (see Figs. 3.2 and 3.3) and effective oxide capacitance. 
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3.3 Drain Current Model 
 
In extremely short channel DG-MOSFET the channel is quasi-ballistic, thus an 
important overshoot velocity is expected [Fossum-2004; Ge-2001; Baccarani-
1999]. Using a simplified energy-balance model, the electron mobility is a function 
of the electron temperature related to the average energy of the carriers. The 










+ = −  (3.26) 
where the energy-relaxation length is defined as 2w sat wvλ τ≈ ,τw being the energy 
relaxation time and vsat the saturation velocity. Equation (3.26) can be integrated 
assuming a constant λw, under boundary condition ( ) 00eT x T= = , and the x-

















= + − ∫  (3.27) 
The velocity increases along the channel, and for VDS>VDSS (VDSS is called 
saturation voltage), the velocity reaches a saturation velocity. Assuming that the 
velocity is saturated, the channel can be divided into two sections (see Fig. 3.1): the 
first section, 0<x<Le=L-Lsat, and the saturation region, x>Le. In contrast with 
classical drift-diffusion models, the saturated velocity in the saturation region due 
to non-stationary effects can achieve a value several times higher than the 
stationary saturation velocity, vsat. This phenomenon is known as velocity 
overshoot. 
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In the linear region, the carrier velocity can be obtained from the mobility: 
0
0
( ) ( ) ( ) ( )





















=  (3.29) 
The dependence of the mobility µn0 on the normal electric field is often referred to 
as mobility reduction, whereas the dependence on the lateral electric field is often 
referred to as velocity saturation. The effective vertical field Eeff reduces the 



































≈  (3.31) 
Note that the model from eq. (3.30) takes into account the dependence of mobility 
with the silicon thickness due to the variation of the distance between the 
inversion-charge centroid and the surface with respect to tsi. It uses the lowest 
subband associated to the eigenfunction (3.22) to calculate the phonon limited 
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mobility. Screening mobility is modeled in the same manner as conventional 
devices, using the effective field ( 2sr effEµ α
− ). 
Expression (3.28) differs from the classical drift-diffusion model where the 












where Esat is the saturation field when the velocity reaches saturation voltage. 
For the calculation of the current that flows from drain to source, the so-
called channel current IDS, it is assumed that the hole current as well as 
recombination/generation can be neglected. The channel current can be described 
by the drift-diffusion current: 
DSI WQv=  (3.33) 
where W is the gate width.  
Using the charge control models previously presented and the velocity 
given by eq. (3.28), the drain current in the linear channel region is obtained: 
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The numerator integral can be calculated numerically or using the mean value 
theorem and can be expressed as a function of a mean effective mobility, µeff, 
whose value can be obtained by means of a numerical integration of eq. (3.34). 
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Alternatively, some compact modeling authors propose the use of the following 
empirical expression for the mean effective mobility: 
0
0
( 0) ( )
,
















  (3.35) 
where θ’ is an empirical parameter. Another approximation assumes a smoothing 
change of the mobility along the channel, thus the effective mobility is given by eq. 
(3.30) but evaluated at the mean effective field between the source and the 
saturation point. 
In the classical case, using the effective mobility, the charge integral from 
eq. (3.34) can be evaluated and the integration is done analytically in eq. (3.37), 
being denoted as the function f(VGS,VDSsat). 
From eqs. (3.3-3.4) the following expression is obtained: 
ox Dep
dQ kT dQ dQ
dV
C q Q Q Q






Therefore the expression of IDS can be written in terms of carrier charge densities. 
Integrating the charge density using eq. (3.8), between Qs and Qd (Q=Qs at the 
source end and Q=Qd at the saturation point or drain end), we have:  
( )
2 2
( , ) 2 2 log
2
d Deps d
GS DSsat s d Dep
ox s Dep
Q QQ QkT kT
f V V Q Q Q
q C q Q Q
+−




   
 (3.37) 
In the quantum case, using the effective mobility, the charge integral from 
eq. (3.34) can be evaluated numerically, and it is denoted as the function 
f(VGS,VDSsat). 
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In order to evaluate the integral of the denominator from eq. (3.34), the 
temperature profile along the channel is required. As an approximation, in the 
linear region the lateral field is considered linear from a small value at the source 
end to the saturation field at x=Le (Ex=Esat·x/Le). Using eq. (3.37), we obtain: 
0
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and VDSS is equal to VDS for non saturated channels (Le=L) and VDSS=VDSsat for 
saturated channels. 
Channel length modulation should also be included in the model. For 
VDS<VDSsat, the device works in the linear region, Le=L and VDSsat=VDS.  For 
VDS>VDSsat, the channel is partially saturated, and the saturated channel length is 
given by: 
arcsin DS DSsate c
sat c
V V
L L L L h
E L
−





where Lc=a·λc is proportional to the characteristic length λc [Lazaro-2006], and a is 
a fitting parameter (0<a≤1). 
The saturation voltage VDSsat is found using the current continuity along the 
channel. Equating (3.17) with the expression of the current in the saturated channel 
given by: 
UNIVERSITAT ROVIRA I VIRGILI 
COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS 
Bogdan-Mihai Nae 
DL: T. 1456-2011 
,( )DS DSsat sat nsI WQ V V v= =  (3.41) 
where vsat,ns is the channel velocity in the saturation region (x>Le) taking into 
account the non-stationary effect from eq. (3.26), we obtain the value of VDSsat by 
equaling to 0 the derivative of IDS versus VDS  [Baccarani-1999]: 
{ }( ) ( ) ( )ln 1 exp ( ) /wi si wiDSsat DSsat DSsat DSsatkTV V q V V kTq= + + −    (3.42) 
where VDSsat in the strong inversion (si) and weak inversion bias region is given by: 
( )1 1 2 ( ) , 0
, 0
n GS TH GS THsi
nDSsat
GS TH GS TH
V V V V
V
V V V V
α
α








4 /wiDSsatV kT q≈  (3.44) 
where ( )/n eff satv Lα µ= ⋅ . 
A smoothing function is used to interpolate VDSS: 
[ ]{ }ln 1 exp ( ) / ( / )DS DSsat
DSS DS




= −  (3.45) 
where A is the parameter that controls the transition between the saturated and the 
non saturated channel. 
Note that the lateral electric field in the saturation region is given by: 
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where Esat is the field at saturation channel point and is obtained from VDSsat, under 
the linear field approximation in the linear region. Using eqs. (3.27) and (3.46), the 
carrier temperature in the saturation region can be calculated. 
Note that the conventional drift-diffusion model using the mobility-field 
relation from eq. (3.32) is recovered if λw is set to 0, meaning that vsat,ns is equal to 
stationary value vsat and γn=αn. 
 
3.4 RF and Noise Modeling 
 
The existing noise calculation methodologies (namely the Klaassen-Prins 
approach, equivalent circuit method, and impedance field method) must be adapted 
to model the noise in short-channel devices. A generalization of the long channel 
noise calculation methods to incorporate the mobility degradation is described by 
A.S. Roy et al. [Roy-2006] (see Annex II for a complete study). This reference 
shows the equivalence between these noise calculation methods in presence of 
velocity saturation. 
 In order to take into account the most important effects, such as non quasi 
stationary effects, the gate and drain correlation between noise sources, the 
tunneling gate current noise, we use the segmentation method. This method can be 
considered as an efficient implementation or discretisation to calculate these 
integrals compatible with RF CAD tools.  
 An accurate noise model must account for high-field effects. At high 
electric fields, the carrier velocity saturates, resulting in a corresponding decrease 
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in effective mobility [Roy-2006; Ziel-1986]. The effective channel length 
decreases as VDS is increased beyond VDSsat due to the velocity saturation region 
which has the length Le [Ziel-1986]. Although channel length modulation (CLM) is 
also present in long-channel devices, Le may represent a significant portion of the 
overall channel length in short-channel devices. All of these effects influence the 
channel conductance, and the noise.  
 Recent work has addressed these issues for MOSFETs [Roy-2005]; 
however, the results are incomplete since the noise model is derived using an 
equation which does not hold for short-channel devices. Furthermore, hot electrons 
exist when high electric fields in MOSFET devices cause electrons to have a 
carrier temperature (Te) which varies with the electric field and exceeds the lattice 
temperature (TL). This alone increases the amount of thermal noise in the device.  
 Under high channel electric fields, the temperature of electrons in the 
channel can rise above that of the lattice. This effect can increase the thermal noise 
of the device [Ziel-1986]. In the hydrodynamic model presented in this chapter, 
Te(x) is obtained from eqs. (3.27) and (3.36). As stated in chapter 2, section 2.5.2.2, 
in the drift-diffusion models an analytical relationship between Te and the lateral 
field Ey(y) must be used.  
 According to K. Seeger [Seeger-1973], the electron mobility is expressed 







µ µ=  (3.47) 
Mobility can also be represented as a function of electric field [Roy-2005]: 
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 (3.49) 
The channel conductance of each slide is [Roy-2005]: 
( )' '·( ) , /eff eff xc d eff x
WQ EWQ








Using eq. (3.48) and the expression for the differential channel conductance gc (eq. 
3.50), we can obtain a compact expression for the current noise spectral density 






















 However, ultra-thin oxides below 4 nm exhibit drastic increase of leakage 
current, the so called direct tunneling current [Pailloncy2-2004; Ranuarez-2005; 
Schuegraf-1994]. In this regime, the gate oxide capacitor introduces a shot noise 
current source, besides the two classical noise sources: drain and gate current noise. 
The impact of the direct tunneling current on high frequency noise performance 
becomes critical. The gate shot noise current generated in each segment of the 
MOSFET flows along the channel and subsequently creates a drain shot noise 
current, because it is uncorrelated with the origins of the drain and gate current 
noise. Since the direct tunneling current can be substantial, the drain shot noise 
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becomes comparable to the drain current noise in MOSFETs with oxides below 2 
nm [Pailloncy2-2004]. The tunneling gate current (TGC) for each channel slide is 











n oxJ y AE y e
− − −
Φ
       
=  
(3.52) 
with the electric field within the oxide Eox(y) equal to: 
( ) ( ) depSiox
ox ox
Q Q




= =  (3.53) 
where Vox(y) is the voltage across the oxide (Vox(y)=Eox(y)tox), and Φb the barrier 
height equal to 3.1eV. The constants A and B are given by [Schuegraf-1994] (see 
chapter 2, section 2.5.2.3). 
 The small signal conductance gg(y) associated with the tunneling current is 
given by: 






J y E y






Using the nodal admittance method, the active transmission line can be 
analyzed [Lazaro-2006]. We start numbering the circuit nodes from source (node 
1) to the drain end (node N+1), with the gate numbered as N+2. The current at 
circuit nodes can be written as:  
[ ] [ ] ,i ij i n iI Y V i= ⋅ +       (3.55) 
where Ii is the signal input current at each circuit node, Vi is the node voltage, In,i is 
the noise current at each node, and  Yij is the admittance matrix. 
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The current at the internal nodes is equal to zero (Ii,=0, for i=2…N), and the 
external nodes are connected to voltage bias. To obtain the external admittance and 
correlation matrix, the nodes are renumbered as internal nodes (i=2…N), and 
external nodes (nodes 1, N+1, N+2). Then, the equation system (3.55) can be 
written as: 
0 i niii ie
e ei ee e ne
V iY Y
I Y Y V i
= ⋅ +
      
      
          
 (3.56) 
The correlation matrix between noise sources at each node can be expressed as: 
†
·ni ni ii ie
ne ne ei ee
i i C C
C
i i C C
= =
     
     
     
 (3.57) 
The intrinsic transistor admittance matrix, Yint, is given by: 
inte e eI Y V i= +  (3.58) 













ei iiP Y Y
−=  (3.61) 
Using eqs. (3.58-3.61), the admittance equivalent noise sources (ig, id) can be 
found, and the associated correlation matrix is the intrinsic transistor correlation 
matrix CYi given by: 
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Equation (3.62) expresses the contribution of each channel noise source to the total 
noise (including the correlation coefficient) affected by a factor that can be 
interpreted as a generalized impedance field. 
 The intrinsic small signal equivalent circuit elements (Fig. 3.5) can be 
obtained from intrinsic Y parameters by identification. In order to obtain the 
transistor S parameters and noise parameters, the series parasitic resistances and 
inductances, and the parallel parasitic capacitance must be included. The extrinsic 
(including parasitic) parameters are obtained using well known relations described 
by A. Lazaro et al. [Lazaro-1999] and H. Hillbrand et al. [Hillbrand-1976]. 
 For RF applications the goals are maximizing the intrinsic gain, the cut-off 
frequency fT and the maximum frequency of oscillation fmax. From the equivalent 
circuit of Fig. 3.5 these parameters can be easily calculated with the following 
expressions [Pailloncy2-2004]: 
2 ( )2 1 2 /
m m
T
gs gdgs gd gs
g g
f























where Cgs and Cgd, including fringing and overlap capacitances calculated using 
expressions given by A. Bansal et al. [Bansal-2005], gm is the gate 
transconductance, Ri (in series with Cgs) takes into account the distributed nature of 
the MOSFET and gds is the drain-to-source conductance. As shown in eq. (3.63-
3.64), fT depends on the ratio gm and the total gate capacitance while fmax also 
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depends on the source/drain and gate parasitic resistances, as well as the ratio 
Cgd/Cgs. The overlap and fringing capacitances increase the intrinsic capacitances, 
reducing the cut-off frequency fT and the maximum frequency of oscillation fmax.  
 
 
Fig. 3.5. Small-signal equivalent circuit using admittance noise source configuration for an 
intrinsic MOSFET. 
 
 Parasitic resistances reduce fmax and increase the transistor noise. The gate 
resistance consists of two major contributions: one contribution is the well-known 
silicide sheet resistance [Iniguez2-2005]; the other is the contact resistance between 
silicide and polysilicon [Pailloncy-2004]. The gate resistance is given by [Shenoy-
2003]: 
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L N N WL
ρ
= +  (3.65) 
where Rsheet is the silicide gate sheet resistance, Nfingers and Ncontacts are the number 
of parallel fingers and gate contacts respectively, and ρcon is the silicide-to-
polysilicon specific contact resistance.  For this DG model, Rsheet=2 Ω/sq and ρcon 
=0. A distributed contact resistance model is employed for source (drain) access 
resistance. 
 
3.5 RF and Noise Simulations 
 
In order to analyze the influence of the charge and transport models, in Fig. 3.6 we 
compare the drain current for DG-MOSFET (NA=6·1017 cm-3, L=50 nm, tsi=5 nm, 
tox=1.5 nm) obtained using the classical compact model, the quantum charge model 
and using the drift-diffusion and hydrodynamic models. According to the 
simulation results from Fig. 3.3, the main differences between classical and 
quantum charge control models come from the shift in the threshold voltage and 
capacitance reduction for the quantum case. More important are the differences 
between the drift-diffusion and hydrodynamic models. Due to overshoot effects, 
the velocity, the current and transconductance are larger in the hydrodynamic 
model than in the drift-diffusion model. 
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Fig. 3.6. A comparison of drain current for DG-MOSFET (NA=6·1017 cm-3), L=50 nm, tsi=5 
nm, tox=1.5 nm for classical charge control ( -Drift-Diffusion model, • Hydrodynamic 
Model) and quantum charge (-- Drift-Diffusion model, o-Hydrodynamic Model). The gate 
voltages are VGS-VTH=0.5, 1, 1.5 and 2 V. 
 
 The fT and fmax computed using eqs. (3.63-3.64) as a function of gate length 
for a typical RF operating bias point (VGS-VTH=0.5V, VDS=1V) are shown in Figs. 
3.7 and 3.8, respectively.  
We consider as an upper bound for the silicon thickness the following 
scaling rule, tsi=0.4L. In these results the differences between classical and 
quantum results arise from the small threshold shift between the two models and 
the overestimated capacitance in the classical charge control. The differences 
between transconductances due to the overshoot effect increases with downscaling. 
In the case of fmax the increase in transconductance due to the overshoot 
compensates the effect of parasitic resistances when gate length decreases. 
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Fig. 3.7. Simulated cut-off frequency ft versus gate length for DG-MOSFET (NA=6·1017 cm-
3, W=10 μm, 10 fingers). VDS=1 V, VGS-VTH=0.5V. A Comparison between the classical and 
quantum charge controls for the Drift-Diffusion and Hydrodynamic models. 
 
Fig. 3.8. Simulated maximum frequency of oscillation versus gate length for a DG-
MOSFET (NA=6·1017 cm-3, W=10 μm, 10 fingers). VDS=1 V, VGS-VTH=0.5V. A comparison 
between the classical and quantum charge controls for the Drift-Diffusion and 
Hydrodynamic models. 
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Fig. 3.9. Frequency behaviour of the Intrinsic Noise Parameters including gate current 
effect for DG-MOSFET (NA=6·1017 cm-3, L=12.5 nm, tsi=5nm, 10 fingers, W=10 µm, VGS-
VTH=0.5V, VDS=1V). A Comparison between the classical and quantum charge controls for 
the Drift-Diffusion and Hydrodynamic models. 
 
Figures 3.9 and 3.10 show the frequency behaviour of the intrinsic noise 
parameters of a DG-MOSFET (NA=6·1017 cm-3, L=12.5 nm, tsi=5nm, 10 fingers, 
W=10 µm) for a VGS-VTH=0.5V, VDS=1V, and VGS-VTH=1V, VDS=1V, respectively. 
These figures predict important differences between the hydrodynamic and drift-
diffusion models due to different carrier temperatures along the channel. Shot noise 
effect due to TGC is relevant for low frequency range and this effect increases with 
gate voltage. In Fig. 3.9 hydrodynamic models predict higher noise figure than 
drift-diffusion, whereas in Fig. 3.10, the behaviour is inverted. This point is 
justified by the increase of the carrier temperature in the saturated region. In Fig. 
3.9, the transistor is in the deep saturation regime, thus the hydrodynamic model  
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Fig. 3.10. Frequency behaviour of the Intrinsic Noise Parameters including gate current 
effect for DG MOSFET (NA=6·1017 cm-3, L=12.5 nm, tsi=5nm, 10 fingers, W=10 µm, VGS-
VTH=1.0V, VDS=1V). A Comparison between the classical and quantum charge controls for 
the Drift-Diffusion and Hydrodynamic models. 
 
Fig. 3.11. Frequency behaviour of the intrinsic and extrinsic (with parasitics). Minimum 
Noise Figure for DG-MOSFET (L=12.5 nm, tsi=5nm , 10 fingers, W=10 µm, VGS-
VTH=0.5V, VDS=1V). 
UNIVERSITAT ROVIRA I VIRGILI 
COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS 
Bogdan-Mihai Nae 
DL: T. 1456-2011 
gives higher noise spectral densities in the saturation region than the drift-diffusion 
using the empirical model given by eq. (3.47). 
 Figure 3.11 shows the intrinsic and extrinsic minimum noise figures as a 
function of frequency for a DG-MOSFET (NA=6·1017 cm-3, L=12.5 nm, tsi=5nm, 10 
fingers, W=10 µm) for a VGS-VTH=0.5V, VDS=1V. This figure shows the need to 
reduce the parasitic resistances in order to achieve a good noise figure performance 




Fig. 3.12. Intrinsic Minimum Noise Figure for DG MOSFET (tox=1.5nm, tsi=0.4L , 10 
fingers, W=10 µm, VGS-VTH=0.5V, VDS=1V, f=1GHz) as a function of the gate length 




 To investigate the downscaling effect in the noise figure, Fig. 3.12 shows 
the minimum noise figure at 1 GHz as a function of gate length for a DG 
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(NA=6·1017 cm-3, L=12.5 nm, tsi=5nm, 10 fingers, W=10 µm, tsi=0.4L, VGS-
VTH=0.5V, VDS=1V). This figure shows the small effect in DG-MOSFET of the 
TGC effect for this typical point. Fig. 3.13 shows the extrinsic minimum noise 
figure for the same device and bias conditions.  This figure shows that the increase 
in the transconductance due to the velocity overshoot phenomenon taking into 
account in the hydrodynamic models compensates the higher parasitic resistance 
caused by downscaling. For this bias point, the hydrodynamic model predicts 
higher noise figures due to a higher noise temperature along the channel, especially 




Fig. 3.13. Extrinsic Minimum Noise Figure for DG-MOSFET (tox=1.5nm, tsi=0.4L, 10 
fingers, W=10 µm, VGS-VTH=0.5V, VDS=1V, f=1GHz) as a function of the gate length 
including TGC noise contribution. 
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3.6 Analytical Determination of Drain and Gate Noise Spectrums 
 
In this section, compact analytical expressions to model the gate and drain current 
noise spectrum noise densities and their correlation in short channel symmetric DG 
MOSFETs are developed. These expressions depend on the mobile charge density 
and the drain current.  We use here the Compact Model for Symmetric Doped 
Double-Gate (SDDG) MOSFETs [Cerdeira-2008] in order to obtain the analytical 
expressions for charge and current. In this model, the mobile charge density is 
calculated using analytical expressions obtained from modeling the surface 
potential and the difference of potentials at the surface and at the center of the Si 
doped layer without the need to solve any transcendental equations. In addition, 
this model could be applied to channel doped DG MOSFETs [Cerdeira2-2008] 
including short channel effects. The compact analytical expressions obtained for 
different noise magnitudes will be compared with the results obtained with the 
segmentation method. Finally, using the possibilities of the analytical expressions, 
the compact noise model will be applied to analyze the high frequency noise 
performance of these devices and some trends related to their variation with the 
downscaling will be provided. In this section, the noise properties of the devices 
are discussed. 
 
3.6.1 Charge and DC Current Models 
 
The DG structure as well as the simpler schematic view of the DG under analysis is 
shown in Fig. 3.14 ((a) and (b), respectively), where NA is the uniform acceptor 
concentration in the silicon layer with thickness equal to tsi; tox is the equivalent 
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gate dielectric thickness and L is the channel length. The transistor is symmetrical, 














Fig. 3.14. (a) 3D representation of the DG structure; (b) Simplified schematic view of the 
DG used in simulations 
 
As a reminder (see chapter 2, section 2.5.2.2), the drain and gate spectral densities 
and the correlation matrix are given by: 
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The power spectral density for the local noise source is given by: 








g x T x
S x kT
g x T
=  (3.71) 
 In order to calculate the integrals with respect to the potential in eqs. (3.66-
3.68), we will obtain a relation between the mobile channel charge Q and the 
channel potential V at each channel point x. The electric field at the surface of the 
silicon layer Es is calculated using Poisson’s equation. The following expression is 
obtained for Es as a function of the potential at the surface, φS   and at the center of 
the layer φ0: 
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 (3.72) 
where φt = kT/q is the thermal potential, k is the Boltzmann constant; q is the 
electron charge, T is the temperature in K, εSi is the silicon dielectric permittivity 
and φF is the Fermi potential.  
 A. Cerdeira et al. [Cerdeira-2008], using a detailed numerical calculation, 
found an empirical expression for the difference of potentials 0Sφ φ−  as a function 
of the potential difference GSV V− . The surface electric field is analytically 
calculated using the Lambert function. The charge carrier concentration qn along 
the channel Q normalized to Coxφt is determined through the following relation 


















=  (3.74) 
where tsi is the silicon thickness and Cox is the oxide capacitance, Cox=εox/tox. 
For the typical operating voltage range in this type of transistors it can be 
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Using eq. (3.75), the channel charge can be integrated. Then, the drain 
current taking into account the velocity saturation and short channel effects is given 
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∫  (3.76) 
where qS and qD represent the normalized charge qn evaluated at the source qn(V=0) 
and at the effective drain voltage qn(V=VDefs) respectively, and Le=L-ΔL, where ΔL 
is the channel length modulation in the saturation region given by eq. (36) in 

















3.6.2 Compact Expressions 
 
Conventional compact models use the mobility-longitudinal field relation (see eq. 
3.77) with p=1, however, for an accurate description of the velocity saturation we 
will use p=2, as used in the SDDG model. Using the mobility model from eq. 
(3.77) with p=2, we obtain the following expression for the channel per unit length 
conductance: 
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with 
0 0 0( ) 2 ( )ox t ng WQ V WC q Vµ φ µ= =  (3.79) 
    From (3.69) and (3.71), we obtain: 
( )( ) ( )2 20( ) ( ) 1 / 1 /c c cg V g V E E g E E= ⋅ + = +  (3.80) 
The heating effect of the electrons plays an important role in the study of 
the noise in deep nanometric devices. In order to investigate this effect, we start 
from the case where there is no heating effect, and the noise temperature is equal to 
the lattice temperature. Thus, we have: 








= +  (3.81) 
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∫ ∫ ∫  (3.82) 
 According to C.H. Chen et al. [Chen-2002], the contribution of the velocity 
saturation region to the output noise current is negligible as the carriers in that 
region travel at  their saturation velocity vsat and they do not respond to the 
fluctuations of the electric field caused by the voltage noise in that region. Thus, 
the integrals (3.66-3.68), and (3.70) must be integrated up to the saturation channel 
voltage or the effective voltage [Cerdeira-2008] VDef and L in (3.70) must be 
replaced by Le in short channel devices to take into account the channel length 
modulation effect. 
Substituting the expression of dV (3.75) in (3.82), the following compact 
expression for the drain noise spectral density is obtained: 
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(3.86) 







W C Eµ φ
=  (3.87) 
Before evaluating the gate spectral density (3.67) and the cross spectral density 
(3.68), we need to calculate the integral: 
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where we have used expression (3.75) to perform a change of variables to integrate 
with respect to the normalized charge qn.  
A and B are defined using the functions qS and qD as: 
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 (3.90) 
     Using (3.88) the following compact analytical expressions for (3.67) and 
(3.68) are found: 
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∫ ∫ ∫ ∫  (3.92) 
and the functions C, D, E are defined as: 
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∫  (3.95) 
    The cross noise spectral density is calculated by: 
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     Finally, the gate and cross spectral densities are given by: 
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( ) ( )( )* 303 2 4 · 2 2g d L ox t ox ti i
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I L
ω
µ φ φ= +  (3.99) 
These expressions depend on the drain current ID, and expressions A, B, C, D, E 
which are functions of qS and qD. The length Lc is given by expression (3.70). Using 





=  (3.100) 
where 
UNIVERSITAT ROVIRA I VIRGILI 
COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS 
Bogdan-Mihai Nae 




2 2 1/2 2 2 2 1/2
2







1 ( ) ln( ( ) )
2 2
ln( 2 2( ) ( ) ) ln ln( )
( )
( )




t n a n
q n n b
t n n a a n n a
a
a a n a n b n
a
b a
b a n b
G q q dq
q q q
q q q q q q q
q
q q q q q G q q G
q
q q
q q q q q
φ
φ
= − + + =
+
+ − − + −















b b a n b q







1 ( ) 2( )n b n b b b aG q q q q q q q= + − + + −  (3.102) 
However, if we consider the heating effect of electrons, then the noise temperature 
is no longer equal to the lattice temperature, but to the electron temperature 
(Tn=Te). In this case, eq. (3.81) must be replaced by: 








= +  (3.103) 


















Using eq. (3.194-new), the drain, gate and cross noise spectral densities 
can be analytically obtained, following the same procedure as the non-heated case. 
The new expressions for A, B, C, D, E and F when the heating effects are 
considered are: 
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( ) ( ) ( )2 2 1/2 2 2 2 1/20
2 2 2 1/2 2 2 2 1/2 2 2
0 0 0 0 0 0
2 2 1/2 2 2 2 1/2
0 0 0 0 0 0
/ 2 2 ( - ) / 2 ln ( - )
/ ( - ) ln( ) - / ( - ) ln(2 - 2 -
2( ) 2( - ) (( ) - 2( ) - ) ) D
S
t n n a a n n a
a n a a
q
n a n n n a q
B q q q q q q q q
q q q q q q q q q q
q q q q q q q q q q q q
φ= + + − +
+ +








4 2 2 4
0 0 0 0
3 2
0 0 0 0
1 / 3 - - / (2 - 2 ) ln( )
/ (2 - 2 ) ln( ) - 2 / (2 - 2 ) ln( )
/ (2 - 2 ) ln( ) 1 / ( - ) ln( )
/ (2 2 ) ln( - ) / (2 2 ) ln( - )
t n n n a n a a n a
a a n a a a n a
a a n a a n
a a n a a a n a
C q q q q q q q q q q q q
q q q q q q q q q q q
q q q q q q q q q q
q q q q q q q q q q q q
φ= − + + +
+ + +
+ + + +








a a n a a a n a q
q q q q q q q q q q+ + + 
 
(3.107) 
4 3 2 2 2
0
2 2 4 3
0 0 0 0 0
4 5 2 2 5
0 0 0 0
4 3
0 0 0
1 / 4 2 / 3 -1 / 2 1 / 2
2 / (2 - 2 ) ln( ) - / (2 - 2 ) ln( )
/ ( - ) ln( ) - / (2 - 2 ) ln( ) -1 / ( - )
ln( ) / (2 2 ) ln( - ) /
t n n n n a
n a n a a n a a a n a
a a n a a a n a a
n a a n a a
D q q q q q q
q q q q q q q q q q q q q q q q
q q q q q q q q q q q q q
q q q q q q q q q
φ= − + +
+ + + + +
+ + +





(2 2 ) ln( - )




a a n a a a n a q
q q q q q
q q q q q q q q q q
+
+ + + + 
 
(3.108) 
5 4 3 2 3 2 2
0
2 2 2 4 3 5





6 2 2 5
0 0 0
[1 / 5 1 / 2 -1 / 3 1 / 3
1 / 2 - - - / (2 - 2 )
ln( ) / (2 - 2 ) ln( )
-2 / (2 - 2 ) ln( ) / (2 - 2 ) ln( )
/ ( - ) ln( ) /
t n n n a n n a
n a n a n n a a
n a a a n a
a a n a a a n a
a n a
E q q q q q q q q
q q q q q q q q q q q q
q q q q q q q q q
q q q q q q q q q q
q q q q q q









(2 2 ) ln( - )
/ (2 2 ) ln( - ) 2 / (2 2 )
ln( - ) / (2 2 ) ln( - )] D
S
a n a
a a n a a a
q
n a a a n a q
q q q q q
q q q q q q q q q
q q q q q q q
+
+ + + +
+ +
 (3.109) 
UNIVERSITAT ROVIRA I VIRGILI 
COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS 
Bogdan-Mihai Nae 
DL: T. 1456-2011 








[1 / 3 / ( 2 2 ) ln( )
2 / ( 2 2 ) ln( ) / ( 2 2 ) ln( )
/ ( 2 2 ) ln( ) / (2 2 ) ln( )
/ (2 2 ) ln( ) 2 / (2 2 ) ln( )
t n n n a n a a n a
a a n a a a n a
a a n a a a n a
a a n a a a n a
F q q q q q q q q q q q
q q q q q q q q q q q
q q q q q q q q q q q
q q q q q q q q q q q
φ= − + − + − − + + +
− + + − − + +
− − + + + + − +
+ − + + −
2 4 2 2
0 0 0 0 0/ (2 2 ) ln( ) / ( ) ln( )] DS
q
a a n a a n qq q q q q q q q q q q+ − − − + +
 (3.110) 
According to several authors [Deen-2006], the velocity saturation effect 
only contributes to the total noise in the linear part of the channel. It was 
successfully shown by M.J. Deen et al. [Deen-2006] that the contribution of the 
velocity saturation region to the output noise current is negligible as the carriers in 
that region travel at their saturation velocity vsat and they do not respond to the 
fluctuations of the electric field caused by voltage noise in that region. This 
argument has been the basis of most of the channel noise models published. In the 
saturation region of the channel, we can expect that Tn will be higher than the 
electronic temperature (Te), but these noise fluctuations are not collected at the 
terminals. For this reason, for the integrals involved in eqs. (4.35-4.37), the upper 
limit VD must be replaced by VDsat (see eq. 4.49) in the saturation region 
(VDS>VDSsat). 
 
3.6.3 Results and Discussion 
 
Although the spectral densities (3.83, 3.98 and 3.99) allow circuit simulators to 
analyze noise performances, in order to compare different devices, some noise 
models have been proposed in the literature for MOSFETs. Following Van der Ziel 
notation [Ziel-1986], the drain current noise spectrum density is expressed as:  
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S kT g γ=  (3.111) 
where 4kTLgds0 is the current noise spectrum associated to a conductance gds0 at 
temperature TL. In the case of a MOSFET, however, since a channel conductance 
gds depends on a bias voltage, gds is fixed to the value obtained when VDS=0 
(gds0=gds(VDS=0)). The noise excess factor γ is used to evaluate the characteristics of 
the thermal noise. For VDS=0, γ=1 due to the fact that the channel acts like a 
conductance of value gds0. In the case of long channel, it has been found 
experimentally and theoretically that 2/3≤ γ ≤1 in a linear region and γ converges to 
2/3 in the saturation region. 
 As mentioned above, the physical origin of the induced-gate noise ( 2igS ) is 
the capacitive coupling of the channel conductance to the gate capacitance. Based 











S kT g g
g
ω
β= =  (3.112) 
where Cgs is the gate-source capacitance. The expression is valid in the saturation 
region for frequencies below 1/3 of the cut-off frequency fT and this frequency 
range is sufficient for most real applications of the device. Theoretically, the gate 
excess noise factor, β, tends to 4/3 and the imaginary part of coefficient Im(C) 
tends to 0.4 in saturation for the case of long channel. 
In order to verify the compact expressions presented in the previous 
section, we have compared the drain and gate current noise spectral densities, and 
the imaginary part of correlation coefficient calculated using the segmentation 
method and the compact model SDDG. Figures 3.15 and 3.16 show the results as a 
function of gate voltage and drain voltage, respectively, for a long channel (L=1 
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μm) case using a constant mobility without transversal degradation. A good 
agreement between the two methods is obtained in all the range of interest. 
 
 
Fig. 3.15. Comparison of current noise densities and imaginary part of correlation 
coefficient as function of drain voltage calculated with the segmentation method (●) and 
compact model SDDG (—) for long channel case (L=1 μm, tox=2 nm, tsi=34 nm, VGS=1V, 
f=1 GHz). 
 
For this case, Fig. 3.17 shows the drain and gate excess noise factors for the case of 
Fig. 3.15 using the constant mobility model. These figures show that excess noise 
parameters and correlation coefficient tend to classical van der Ziel MOSFET 
theory when constant mobility model is used. 
In a conventional Klaassen-Prins noise determination method, the drain spectrum 
density is calculated as (3.82) with gc=g and Lc=L (or the effective length Le in 
short channel case): 
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= = −∫ ∫  (3.113) 
 
 
Fig. 3.16. Comparison of current noise densities and imaginary part of correlation 
coefficient as function of gate voltage calculated with the segmentation method (●) and 
compact model SDDG (—) for long channel case (L=1 μm, tox=2 nm, tsi=34 nm, VDS=2V, 
f=1 GHz). 
  
Following a similar procedure, integral (3.113) could be analytically calculated as 
function of qS and qD using (3.75). 
Figure 3.18 compares the results obtained using the segmentation method, 
the new compact analytical model SDDG and the analytical model using the 
conventional KP approach (3.113) for a SDDG MOSFET with L=0.5 μm and 
VDS=2V. A good agreement between the three methods is obtained for low drain 
currents. When VGS is increased, the difference between g and g0 is greater, thus 
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(3.113) and (3.82) produce different results. Moreover, when the gate length Lc 
decreases, it differs from the effective length Le. 
 
 
Fig. 3.17. Drain and gate excess noise factors as function of drain voltage for long channel 
case (L=1 μm, tox=2 nm, tsi=34 nm, VGS=1V). 
 
Figure 3.19 shows the ratio between the corrected length and effective 
length Lc/Le in saturation for different gate lengths. The corrected length tends to L 
for the long channel case, but it can be up to 1.25 times higher than the effective 
length for short channel cases. 
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Fig. 3.18. Drain current noise density as function of gate voltage calculated using the 
segmentation method, the compact model SDDG and the analytical model using 
conventional Klassen-Prins approach (L=0.5 μm, tox=2 nm, tsi=34 nm, VDS=2V). 
 
 
Fig. 3.19. Normalised corrected length Lc/L as function of gate length (tox=2 nm, tsi=34 nm, 
VDS=2V). 
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Fig. 3.20. Drain excess noise factor γ as function of drain voltage (tox=2 nm, tsi=34 nm, 
VGS=1V). 
 
The bias behavior of excess noise factors and correlation coefficient for 
different channel lengths are shown in the next figures. Now, we consider 
transversal field mobility degradation and velocity saturation. Figures 3.20, 3.21 
and 3.22 show the drain and gate excess noise factors, and the imaginary part of the 
correlation coefficient as a function of drain voltage (tSi=34 nm, tox=2 nm, VGS=1V), 
respectively (calculated by eqs. 3.83, 3.98 and 3.99). These effects introduce some 
changes with respect to the classical van der Ziel long channel MOSFET model. 
Due to the velocity saturation effect, VDSsat is smaller as channel length scales down 
at high gate voltages, which results in the slight increase of thermal noise compared 
to that of long channel as shown in Fig. 3.20. 
 This result is in good agreement with the trend determined experimentally 
in single gate MOSFET [Scholten-2003]. The γ factor tends to 1 for VDS=0 and its 
value increases steadily with the drain bias in the saturation regime, which is 
attributed to the channel length modulation effect [Chen-2002; Han-2004] through 
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the corrected length Lc ,the potential distribution and the related mobility 
distribution along the channel [Warabino-2006]. Such increase becomes more 
critical for devices with smaller channel lengths, because the channel length 
modulation has larger effects for the short-channel devices.  
 
 
Fig. 3.21. Gate excess noise factor β as function of drain length (tox=2 nm, tsi=34 nm, 
VGS=1V). 
 
This bias behavior has been found in experimental results for single gate 
MOSFETs [Han-2004; Warabino-2006].  In Fig. 3.21, the β factor tends to 4/3 for 
the long channel case and increases with the reduction of L. Figure 3.22 shows our 
simulation results of the imaginary part of the correlation coefficient. They are 
slightly smaller than the value 0.4 for the long channel case, and reduce to zero at 
VDS=0. This coefficient decreases with channel length reduction. 
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Fig. 3.22. Imaginary part of correlation coefficient Im(C) as function of drain voltage (tox=2 
nm, tsi=34 nm, VGS=1V). 
 
Fig. 3.23. Normalized corrected length Lc/L as function of drain voltage (tox=2 nm, tsi=34 
nm, VGS=1V). 
 
Figure 3.23 shows the normalized corrected length Lc/Le, which tends to 1 
in linear region and increases with channel length reduction. 
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Fig. 3.24. Drain excess noise factor γ as function of gate voltage (tox=2 nm, tsi=34 nm, 
VDS=2V). 
 
For DG transistors with tSi=34 nm and tox=2 nm, Figs. 3.24, 3.25 and 3.26 give the 
drain and gate excess noise factors and the imaginary part of the correlation 
coefficient as a function of gate voltage, at a fixed drain voltage of 2V. The drain 
excess noise factor γ  increases with the gate voltage for all channel lengths (Fig. 
3.24).  
The gate excess noise factor β  (Fig. 3.25) is found to depend strongly on 
the gate voltage for short channel devices and it can exceed the value of the long-
channel case considerably. 
The behavior of the imaginary part of the correlation coefficient as a 
function of gate voltage is the same for all channel lengths (Fig. 3.26). However it 
decreases with the reduction of the channel length. 
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Fig. 3.25. Gate excess noise factor β as function of gate length (tox=2 nm, tsi=34 nm, 
VDS=2V). 
 
Fig. 3.26. Imaginary part of correlation coefficient Im(C) as function of gate voltage (tox=2 
nm, tsi=34 nm, VDS=2V). 
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For the carrier heating case, Fig. 3.27 shows the drain excess noise factor γ 
as a function of drain voltage, for two channel lengths (100nm, and 45 nm, 
respectively). As the channel decreases, the drain excess noise factor also 
decreases.  When heating effects are considered, γ increases by ~10-15%. 
 
 
Fig. 3.27. Drain Excess Noise Factor as a function of the drain voltage (tox=2nm, VGS=1V, 
VTH=0.3V) 
 
Figure 3.28 shows the gate excess noise factor β for the same DG device 
and same bias conditions. The factor β shows an important increase with the 
reduction in the channel length, about 4 times within one order of magnitude (from 
1µm to 100 nm). The gate excess noise factor becomes almost constant in the 
saturation region. 
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Fig. 3.28. Gate Excess Noise Factor as a function of the drain voltage (tox=2nm, VGS=1V, 
VTH=0.3V) 
 
Fig. 3.29. The imaginary part of the correlation coefficient Im(C) as a function of the drain 
voltage (tox=2nm, VGS=1V, VTH=0.3V) 
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Figure 3.29 shows the imaginary part of the correlation coefficient Im(C) 
between the gate and drain excess noise factors, as a function of the drain voltage 
for the same device. In the linear bias region, the correlation coefficient is close to 
0, and linearly increases with the drain bias. In the saturation region, it is almost 
constant, and its value decreases with the channel length, from ~0.4 for 1µm to 0.1 
at 45 nm. For VDS=0, the correlation coefficient is 0, as for this bias, the transistor 
is similar to a resistor. 
For a DG transistor with tox=2nm, and a drain bias VDS=1V, figures 3.30 




Fig. 3.30. Drain Excess Noise Factor as a function of the gate voltage (tox=2nm, VDS=1V) 
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The drain excess noise factor γ increases with the increase in the gate 
voltage and the decrease in the channel length. On the other hand, the gate excess 
noise factor β is found to reach a relatively constant value for small channel 
devices (45 nm), though exceeding the values for longer channels considerably 
(about 4 times higher than the same DG at 1µm (see Fig. 3.25). The value of the 
imaginary part of the correlation coefficient Im(C) decreases with the gate 
overvoltage for all channel lengths (fig. 3.32). 
 
 
Fig. 3.31. Gate excess noise factor as a function of the gate voltage (tox=2nm, VDS=1V) 
 
In order to estimate the noise performance, the intrinsic noise figure Fmin is 
calculated using the following approximated expression [Ziel-1986]: 
2
min 1 2( / ) (1 Im( ) ) / 5TF f f Cγβ≈ + −  (3.114) 
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Fmin was calculated using eq. (3.114) for channel lengths between 50 nm 
and 1 µm at 10 GHz. The extrinsic parasitic capacitances and resistances were not 
considered. Figure 3.33 shows the obtained values for the output characteristic at a 
gate voltage of 1 V, varying the drain voltage. Figure 3.34 shows the calculated 
values for the transfer characteristic at drain voltage equal to 2V. 
 
 
Fig. 3.32. The imaginary part of the correlation coefficient Im(C) as a function of gate 
voltage (tox=2nm, VDS=1V) 
 
These results justified the interest of DG MOSFETs for low noise RF and 
microwave application. However, in extrinsic devices (with parasitic elements), an 
important part of the noise is dominated by extrinsic resistances. Then, the noise 
factor is proportional to f/fmax. The first approach to minimize the noise is by 
optimizing fmax using gate topology engineering with a large number of gate fingers 
connected in parallel in order to reduce the gate resistance and using a Ti-Co 
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silicide process to improve the sheet resistance. The second one concerns the 
optimization of source/drain extensions. 
 
 
Fig. 3.33. Intrinsic minimum noise factor Fmin(dB) as function of drain voltage (tox=2 nm, 
tsi=34 nm, VGS=1V, f=10 GHz). 
 
Fig. 3.34. Intrinsic minimum noise factor Fmin(dB) as function of gate voltage (tox=2 nm, 
tsi=34 nm, VDS=2V, f=10 GHz). 
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3.7 Conclusions 
 
Sections 3.2.1 through 3.2.4 present an extended version of a previously developed 
compact dc and charge model for doped DG-MOSFETs from a unified charge 
control model derived from Poisson’s equation. The quantum case is obtained 
using a simple relationship between inversion centroid and inversion charge 
obtained fitting numerical simulation results. This compact quantum model is 
compared with numerical self-consistent Schrodinger-Poisson simulation with 
good agreement. 
 Using this compact charge control model, DC drain current models are 
derived assuming drift-diffusion and hydrodynamic transport. The RF and noise 
performance of DG-MOSFETs is analysed using the active transmission line 
method from the compact charge control and drain current model. The effect of hot 
carriers, channel length modulation, saturation effect, and shot noise introduced by 
tunnelling gate current are taken into account. 
 The obtained results (Figs. 3.7, 3.8) show important differences in drain 
current, fT and fmax, and noise performances between drift-diffusion and 
hydrodynamic models for short gate lengths. These differences are due to the 
velocity overshoot increasing the transconductance, and hence, the fT and fmax. The 
differences between the classical and quantum charge control models rises from the 
shift in the threshold voltage and the reduction in the capacitance. These are 
smaller than the differences obtained using drift-diffusion and hydrodynamic 
models. 
 The intrinsic noise figure (Figs. 3.11, 3.12 and 3.13) depends on the 
temperature model used in simulation.  For a short-channel device operated in 
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saturation region, noise exhibits a strong dependence on the drain bias because the 
velocity saturation region, where the noise temperature is high, occupies a large 
portion of the channel. Hydrodynamic models predict higher noise temperature in 
this region than the classical relation between carrier temperature and electric field, 
resulting in a higher noise figures.  In these devices, for typical RF operating bias 
points the effect of shot noise introduced by the gate current is small. The 
simulated results show the limiting effect of parasitics in RF and noise 
performances. 
It is worth noting that experimental results from several authors [Han-
2004; Jindal-2006] for single-gate (SG) MOSFETs of various lengths found excess 
noise factors γ ratios greater than 1 for very short channel devices (under 100nm), 
as well as important increases of γ with the drain voltage. This trend and values are 
successfully reported in this work, validating the temperature model employed for 
these simulations. 
 Section 3.2.5 presents a gate and drain noise spectrum analysis, which was 
done based on a new compact analytical noise model using the compact analytical 
model for Short Channel Symmetric Doped Double-Gate (SDDG) MOSFETs, 
which considers doped silicon layer in a wide range of doping concentrations and 
short channel transistors. We have developed a compact model for the channel 
noise, the induced-gate noise and the cross-correlation noise between drain and 
gate noises, based on the improved Klassen-Prins approach. This method had been 
found equivalent to an equivalent circuit approach, and the impedance field 
method. The expressions obtained are analytical and they depend on the mobile 
charge at the source and drain ends of the channel.  
     The noise compact model calculations are compared with the values 
obtained using the segmentation method, where the active transmission line is 
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analyzed using circuital nodal analysis. The good agreement obtained between both 
methods validates the analytical expressions presented. When we do not consider 
transversal field mobility degradation, the values of the excess noise factors and 
correlation coefficients predicted in long channel SG MOSFETs by the Van der 
Ziel model are obtained. Moreover, the compact noise model reproduces the 
measured noise bias behavior for any gate length found for SG MOSFETs in the 
literature, without the need of additional parameters. Therefore, the proposed noise 
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In the previous chapter, an analytical method for RF and noise modeling applied to 
DG SOI MOSFET devices was presented. The model was extended to SGT 
devices and its DC, RF and High Frequency noise behavior was studied by A. 
Lazaro et al. [Lazaro-2008] In this chapter, the model is improved, taking into 
account a novel quantum charge control model, and including effects such as 
velocity overshoot through a one-dimensional (1D) energy-balance model 
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[Baccarani-1999; Lazaro-2006], the effect of the saturation region, the channel 
modulation length effect and the mobility degradation produced by quantum 
effects. 
 The model is based on the concept of channel segmentation [Lazaro-2006; 
Lazaro2-2006], and includes the formulation for drift-diffusion and temperature 
(hydrodynamic) transport models. High frequency performances are analyzed 
through the use of analytical expressions of the cut-off frequency fT and maximum 
frequency of oscillation fmax, and noise properties of the devices are discussed. 
Special attention is paid to figure out how a DC tunneling gate leakage current, due 
to the decrease of the oxide thickness, might influence the small signal properties 
and the noise performance of MOSFETs. 
 
4.2 Charge Control Model 
 
A simple diagram showing the structure and the cross-section of the studied SGT is 
given in Fig. 4.1. It can be observed that the gate surrounds the cylindrical silicon 
channel. When the diameter of the cylinder decreases, the quantum confinement 
effects appear, making the self-consistent solution of 2-D Poisson and Schrödinger 
equations essential in a cross section of the SGT [Roldan-2008]. 
 In order to model quantum confinement effects, an already successful 
strategy has been employed [Roldan-2001; Lopez-Villanueva-1997; Arora-1995], 
where the equations for the classical model version were extended in order to take 
into account these effects. This was carried out by introducing a corrected oxide 
capacitance and a modified threshold voltage.  
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The corrected oxide capacitance was computed by determining the inversion layer 
centroid, which allows accounting for the oxide interface separation of the 
inversion charge distribution. This leads to a new oxide thickness, which produces 
more accurate calculations in modeling devices with thin-gate oxide layers 
[Roldan-2008]. 
 The conventional definition of the inversion layer centroid [Roldan-2001; 
Lopez-Villanueva-1997] was adapted to the SGT geometry. A parameter Δ is 
defined as follows [Roldan-2008]: 
( )
( )



















with ( )rρ  being the quantum electron density given by: 













= ℑ ×     




where q is the electron charge, k is the Boltzman constant, T is the temperature, EF 
is the Fermi level, nψ  is the wave function belonging to energy level En, 1/2−ℑ  is 
the complete Fermi-Dirac integral of order -1/2, while the other symbols have their 
usual meaning. 
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Fig. 4.1. a) Cross section of the surrounding gate MOSFET; b) Simulated surrounding gate 
MOSFET structure; c) a 3D schematic of a device with multiple fingers, each of them being 
a SGT 
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 The inversion charge per unit gate length QI is calculated in cylindrical 






IQ r rdrπ ρ= ∫  (4.3) 
The inversion charge centroid zI is calculated as: 
Iz R= − ∆  (4.4) 
where R is the radius of the cylinder. 
















where a, b, 0Iz  and n are constants not dependent on the bias, and IN  is the 







=  (4.6) 
According to J.B. Roldan et al. [Roldan-2008], the fitting parameters were chosen 
as: a=0.55 nm, b=0.198, 0Iz =5.1 nm, n=0.75 and 
2 12 2 18 3
0 ( ) 8.26 10 4.9 10 ( )IN cm cm cm R cm
− − −= × − × ×  (4.7) 
 Using this centroid model, a classical inversion charge model [Iniguez-
2005] has been improved, in order to include quantum effects. In the new model, 
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the classical oxide capacitance was replaced by one where the capacitance of the 
oxide layer is in series with the capacitance of the silicon layer, its thickness 
corresponding to the value of the inversion charge centroid. The new total 
capacitance is calculated as [Lazaro-2006]: 
1 1 1
TOTAL Oxide SemiconductorC C C
= +  (4.8) 
where OxideC  is the value of a cylindrical capacitor with the external radius equal to 















where oxε  is the oxide permittivity. SemiconductorC  is calculated as: 



















where Siε  is the silicon permittivity.  
 The starting point for the calculation is an initial guess of the inversion 
charge, called 'Q  [Iniguez-2005], and defined as: 
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 (4.11) 
where /TV kT q= , GSV  is the gate-source voltage, and V is the channel potential 
(V=0 at the source). 
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where in  is the intrinsic carrier concentration, MSφ  is the metal-semiconductor 
work-function difference. 
The threshold voltage THV  and THV∆  are calculated, noting that a quantum 
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∆ = +  (4.16) 
It is interesting to highlight that if TOTALC  it substituted for OxideC  in (4.15) and 
(4.16), the classical charge control model is recovered.  
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Fig. 4.2. a) Normalized channel charge (Q/2πR) of an SGT for several values of R, at room 
temperature ( 10 310
A
N cm−=  and 1.5
ox
t nm= ); b) Normalized channel capacitance (C/2πR) of 
an SGT for several values of R, at room temperature ( 10 310
A
N cm−=  and 1.5
ox
t nm= ) 
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 (4.17) 
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Using this model, some simulated results for the normalized channel charge 
(Q/2πR) and normalized channel capacitance (C/2πR) are presented in Fig. 4.2., 
using the following technological parameters: 10 310AN cm
−=  and 1.5oxt nm= .  
 
4.3 Drain Current Model 
 
In extremely short SGTs, the channel is quasi-ballistic, thus an important velocity 
overshoot is expected [Baccarani-1999]. Using a simplified energy-balance model, 
the electron mobility is a function of the electron temperature related to the average 
energy of the carriers.  
In this section we extend the transport model previously developed for 
DG-MOSFETs [Lazaro-2006] to the SGT case. Following G. Baccarani 
[Baccarani-1999], and A. Lazaro [Lazaro-2006], the drain current in the linear 
















W Q V dV
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where Le is the effective channel length, 0nµ  is the electron mobility as a function 
of voltage, k is the Boltzmann constant, Te is the electronic temperature and the 
energy-relaxation length is defined as 2w sat wvλ τ≈ , τw being the energy relaxation 
time, and vsat the saturation velocity. In the case of SGTs, for scaling purposes and 
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for comparison with other MOSFET structures, W can be assumed equal to 
2fingersW n Rπ= ⋅ , fingersn  being the number or cylinders (fingers) in the structure. 
In order to evaluate eq. (4.18), we first integrate the charge density from 
eq. (4.17) between Qs and Qd (Q=Qs at the source end and Q=Qd at the saturation 
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At large inversion densities the ultra-thin film mobility can be higher than 
heavily doped bulk MOS devices due to a lower effective field, and it is largely 
insensitive to the silicon thickness (tsi). Thus, the common expression for bulk 
devices is not longer valid. However, at small inversion densities the mobility is 
reduced for decreasing tsi [Esseni-2003]. This reduction in the mobility is caused by 
the increase of the surface roughness scattering (the two interfaces are closer) as 
well as phonon scattering due to the reduction of the quantum well formed by the 
thin Si layer between the oxide layers. We suggest using the method given by V.P. 
Trivedi et al. [Trivedi-2004] and S. Reggiani et al. [Reggiani-2007], originally 
proposed for DG MOSFET devices. The effective vertical field Eeff reduces the 




≈  (4.20) 
and 
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where effective 0µ  and θ are fitting parameters, and the effective normal field is  
given by (4.20).  
Note that eq. (4.21) takes into account the dependence of mobility with 
silicon thickness due to the variation with tsi of the distance between the inversion-
charge centroid and the surface. The model (4.21) uses the lowest subband of the 
Schrödinger-Poisson equation to calculate the phonon limited mobility. The 
screening mobility is modelled as in conventional devices using the effective field 
( 2sr effEµ α
− ). Although the model is derived for DG MOSFET, we expect that it 
could be used for SGT because the type of confinement in SGT and the shape of 
the first eigenfunction are qualitatively similar to DG devices. In order to use eq. 
(4.21) for SGT MOSFETs, we use tsi=2R and replace the effective thickness tsi,eff 
with 2Reff, obtained from the centroid zI  (4.5). 
In order to evaluate the integral in the denominator of eq. (4.18), we need 
to know the temperature profile along the channel. The electron temperature Te is 










+ = −  (4.22) 
Equation (4.19) can be integrated assuming a constant λw, under boundary 
condition ( ) 00eT x T= = , and the x-component of the electric field expressed as a 
function of the channel potential, ( ) ( ) /xE x dV x dx= − . As an approximation, in 
the linear channel region we can assume that the lateral field is linear from a small 
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value at the source end to the saturation field at x=Le ( /x sat eE E x L= ⋅ ). Using eqs. 
(4.19) and (4.22), we obtain: 
0










Wf V V f V VWI
L VqL V e d
k
ξ


















with VDSS equal to VDS for non saturated channels (Le=L) and VDSS=VDSsat for 
saturated channels. A smoothing function is used to interpolate VDSS: 
[ ]{ }ln 1 exp ( ) / ( / )DS DSsat
DSS DS




= −  (4.25) 
where A is the adjusting parameter that controls the transition between saturated 
and non saturated channel (A=1 for a smooth transition). 
The value of VDSsat can be found by equaling the drain current given by eq. 
(4.23) with the current in the channel saturation point: 
,( )DS DSsat sat nsI WQ V v=  (4.26) 




1 ( ( ) )
eff












α =  (4.28) 
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Note that the conventional drift-diffusion model is recovered if λw is set to 0, then 
non-stationary saturation velocity vsat,ns. is equal to stationary value vsat. 
Channel length modulation should also be included. For VDS<VDSsat, the 
device works in the linear region, with Le=L and VDSsat=VDS.  For VDS>VDSsat, the 
device operates in the saturation regime, and the channel is partially saturated, and 
the saturated channel length is given by: 
arcsin DS DSsate c
sat c
V V
L L L L h
E L
−















= +  (4.30) 
 
4.4 RF and Noise Modeling 
 
In order to model the noise in the SGT structure presented in Fig. 4.1, several noise 
sources must be considered. The first one is the thermal noise due to parasitic 
access resistances RG, RS and RD. which is easily modeled using the Nyquist 
theorem. The other noise sources come from the intrinsic transistor. The intrinsic 
contribution is modeled using two correlated current noise sources, ig and id 
(admittance representation). They include the effect of the diffusion noise and 
flicker noise in the channel, induced-gate noise and shot noise. 
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Fig. 4.3. Small-signal and noise equivalent circuit for a channel slice between x and x+Δx. 
An equivalent noise source in(x) has been introduced to model the channel noise. 
 
Let us consider a nonuniform channel as shown in Fig. 4.3. According to 
the segmentation method, the channel is split into several slices, and the small-
signal and noise sources can be derived from the basic semiconductor equations. 
The local equivalent circuit for each channel slice is composed of the gate-to-
channel capacitance, the transconductance and the channel resistance (or 
conductance). Diffusion noise and gate shot noise can be incorporated into the 
model by adding two more noise sources for each slice. The local equivalent circuit 
elements can be obtained from linearizing the current at any channel position x, 
resulting in and the following current continuity equation: 
( ) ,
dV dV
I x g V
dx dx
= ⋅  
 
 (4.31) 
where g W Qµ=  is the channel conductance per unit length, and W, μ, Q, are the 
channel width (W=2πR), mobility and inversion charge density respectively. The 
mobility depends on the electric field E=-dV/dx and g depends on the channel 
potential V(x) and the dV/dx. 
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We consider here a drift-diffusion model, where an analytical relationship between 
Te and the lateral field E(x) must be used. A prevalent model in literature 








µ µ=  (4.32) 












     
 
(4.33) 









     
 (4.34) 
For the typical values of the inversion carrier density in the inversion layer, we can 
consider that the channel is not degenerated, and the velocity distribution is heated 
Maxwellian. Under this assumption, following J.P. Nougier et al. [Nougier-1977], 
the noise temperature Tn becomes equal to the carrier temperature Te. 
The analysis of the active transmission line (Fig. 4.3) using the admittance 
method gives the small-signal admittance matrix and its noise correlation matrix 
[Lazaro2-2006]. For the compact modeling of the noise, three methods are usually 
applied: (1) and equivalent circuit approach, (2) the impedance field method or (3) 
the Langevin or Klaasen-Prins (KP) method. A.S. Roy et al. [Roy-2006] show that 
these three methods are equivalent and the same final expression for the current 
noise densities and correlation coefficient is obtained. Thus, the compact modeling 
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methods could be considered as an analytic analysis technique of the active 
transmission line. 
Assuming that the local noise source is spatially uncorrelated and ω  is the 
angular frequency, the drain and gate spectral densities and the correlation matrix 
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∫ ∫  (4.37) 
where  
( , ) ( , )
( , )( , ) ( , )
cg V E g V E






























From eq. (4.39), Lc can be considered as effective or corrected length of the 
channel in order to take into account the degradation of mobility along the channel 
due to velocity saturation.   
The power spectral density for the local noise source is given by: 
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=  (4.40) 
 
4.5 RF and Noise Simulations 
 
In this section some simulated results will be obtained using the previously 
presented model. First, the DC drain characteristics are obtained. Figure 4.4a and 
4.4b shows the drain current characteristics for a 50 nm gate length SGT (R=5 nm, 
tox=1.5 nm, VGS-VTH=0.5V, 0.75V, 1V, 1.25V) calculated with the above described 
model. In Fig. 4.4a the temperature model is used, whereas Fig. 4.4b presents 




Fig. 4.4. Drain current characteristics for the temperature model (a) and Drift-Diffusion 
model (b). Quantum charge control (solid line) and Classical charge control (dashed line). 
Gate length L=50 nm, VGS-VTH=0.5V, 0.75V, 1V, 1.25V 
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The effect of velocity overshoot translates into an increase (about 25% higher for 
this gate length) in the drain current and transconductance. 
Figure 4.5 presents a comparison between measured data from S. D. Suk et 
al. [Suk-2005] and simulated normalized drain current (IDS) versus the diameter of 
the cylinder (VGS=0.8V, 1V, 1.2V, 1.4V). The device is a SGT MOSFET with R=5 
nm, tox=3 nm and gate length L=30 nm. A good agreement has been obtained 
adjusting the constant µ0 in eq. (4.38), by using µ0=847 cm2/V*s.  
Figures 4.6 and 4.7 compare the fT and fmax calculated with drift-diffusion 
and hydrodynamic models for a SGT (R=5nm, VGS−VTH=0.5V, VDS=1V).  
 
 
Fig. 4.5. Comparison between measured and simulated normalized drain current versus 
diameter, using the temperature model (solid line)  
 
Due to the overshoot effect the values of fT and fmax are considerably higher 
in the temperature transport model. Small differences have been shown in fT 
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between classical and quantum charge control models. This is due to the fact that fT 
depends on the ratio gm/Cgs, where the numerator and denominator are affected in 
the same magnitude for the channel capacitance. Thus, except for the threshold 
voltage shift, the channel capacitance reduction due to quantum effect is not 
appreciable in fT. However, the differences in fmax between the classical and 
quantum case are more important due to the differences in the intrinsic resistance 
and channel conductances. For shorter gate length the overshoot velocity effect, 
taken into account in the temperature transport model, increases the 
transconductance and, as a consequence, the value of fmax. 
 
 
Fig. 4.6. Transition frequency fT and Maximum Oscillation frequency fmax as a function of 
gate length, for temperature model. Radius R=5 nm, VGS-VTH=0.5V, VDS=1V 
 
Changing to a current-current representation, the noise sources, and their 
correlation are written as a function of parameters independent of the frequency R, 
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P, C, the intrinsic gate-to-source capacitance of the device, Cgs, and the room 
temperature Ta: 
2 2 24 /g a gs mi kT RC f gω< >= ∆  (4.41) 












< > < >
 (4.43) 
An accurate knowledge of P is important because it characterizes the channel 
noise. The correlation is essentially imaginary because of the capacitive coupling 
between the channel and the gate. Here C is the correlation parameter. 
 
 
Fig. 4.7. Transition frequency fT and Maximum Oscillation frequency fmax as a function of 
gate length, for drift-diffusion model. Radius R=5 nm, VGS-VTH=0.5V, VDS=1V 
  
For a typical low noise bias point, the shot noise due to the gate tunneling 
effect can be neglected compared to diffusion noise [Pailloncy-2004]. Then, the 
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minimum noise temperature including parasitics can be written as a function of 
correlation matrix elements [Danneville-2005]: 
2
min 02 (1 ) ( 2 )( )g s m
T
f
T T PR C P R C PR R R g
f
= − + + − +  (4.44)  
Figure 4.8 shows the intrinsic and extrinsic noise figure for SGT (R=5 nm, tox=1.5 
nm, Vds=1V, Vgs-VTH=0.5V) at 10 GHz calculated using the drift-diffusion and 
temperature models.  
 
 
Fig. 4.8. Intrinsic (a) and extrinsic (b) Minimum Noise Figure NFmin(dB) as function of gate 
length. Radius R=5 nm, VGS-VTH=0.5V, VDS=1V 
 
From this figure some conclusions can be drawn. First, a lower noise figure 
is always achieved when quantum effects are taken into account. Second, for gate 
lengths smaller than 45 nm, lower noise figure values are obtained using the 
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temperature model. This fact is a consequence of higher fT and fmax since around 
these gate lengths velocity overshoot compensates the higher intrinsic noise due to 
larger P values obtained using the temperature model. 
 
 
Fig. 4.9. Intrinsic (a) and extrinsic (b) Minimum Noise Figure NFmin(dB) as function of 
frequency. Gate length L=50 nm, Radius R=5 nm, VGS-VTH=0.5V, VDS=1V 
 
The frequency dependence of the noise performance is also studied, as 
shown in Fig. 4.9. For a 50 nm gate length the intrinsic minimum noise figure is 
better for the temperature model than for the drift-diffusion model. Following eq. 
(4.44), the frequency slope of the minimum noise temperature depends on the 
parasitic resistance and the fT, resulting in an important contribution of parasitics in 
the high frequency extrinsic noise. The difference between drift-diffusion and 
temperature transport model increases when the extrinsic (with parasitics) noise 
figure is considered, due to the difference in fT between the two models. 
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4.6 Analytical Determination of Drain and Gate Noise Spectrums 
 
In this section compact expressions to model the drain and gate current noise 
spectrum densities and their correlation for SGT MOSFETs are presented. We 
apply the model previously developed for DG MOSFET devices [Lazaro-2006] to 
the SGT case and obtain the charge and current expressions. The compact noise 
model will be applied to analyze the noise performance of SGT devices and some 
trends related to the downscaling variations will be provided. Also, the noise 
properties of the devices will be discussed. 
 
4.6.1 Charge and Drain Current  Models 
 
 In order to compute the drain current, we need to determine the charge 
carrier concentration along the channel. To this end, we define the charge qn, as the 






=  (4.45) 














where q0 is the normalized charge Q0 given by eq. (4.12): 
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=  (4.47) 
Using eq. (4.46), the channel charge can be integrated. Following the 
procedure given in [Nae-2009], the drain current taking into account the velocity 





( ) 4( ) ln
2
eff ox t S
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e D
W C q q
I q q q q q
L q q
µ φ +






where qS and qD represent the normalized charge qn evaluated at the source qn(V=0) 
and at the effective drain voltage qn(V=VDefs) respectively, and Le=L-ΔL, where ΔL 
is the channel length modulation in the saturation region given by eq. (25) in [Nae-
2009].  
The saturation voltage is obtained in eq. (4.48) to the current at saturation 
point, DSAT ox t sat satI WC q vφ= , solving for the charge at saturation point 
qsat=qn(V=VDSsat). From qsat, the saturation voltage VDSsat is easily obtained from: 
( )0 0 0ln / ln(1 / )DSsat GS t sat t sat t satV V V q q q q qφ φ φ= − − − − +  (4.49) 
The same function that was introduced by B. Nae et al [Nae-2009] to interpolate 



















where 0µ  is evaluated at the source end of the channel using eq. (4.21). 
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4.6.2 Compact Noise Expressions 
 
Following the procedure proposed by A. Lazaro et al. [Lazaro-2009] for DG 
MOSFETs, in this section we will derive the compact expressions for the drain and 
gate current noise spectrum densities and their correlation of SGT MOSFETs. In 
order to have an accurate description of the velocity saturation, we used the 
relationship between the mobility and the longitudinal electric field given by eq. 
(4.33), obtaining the following expression for the channel per unit length 
conductance: 




1 / 1 /c c
WQ g
g V






0 0 0( ) ( )ox t ng WQ V WC q Vµ φ µ= =  (4.52) 
From eqs. (4.38) and (4.40), we obtain: 


















∫  (4.54) 
In order to investigate the heating effect of electrons in the gradual region 
of the channel, we will consider first the case where we have no heating. If we 
ignore the heating effect of electrons in the gradual channel region, namely we 
assume the thermal equilibrium prevails in gradual channel region, the noise 
temperature is equal to the lattice temperature, Tn=TL. From eqs. (4.51) and (4.53), 
the following expression to evaluate the power spectral density for the local noise 
source (see eq. 4.54) is obtained: 
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µ φ= =∫ ∫  (4.56) 
Substituting the expression of dV from eq. (4.46) in eq. (4.56), the following 











S W C F
I L









t n n n
q
q





Substituting eq. (4.33) in eq. (4.31), the following relations for the conductance and 
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(4.60) 







W C Eµ φ
=  (4.61) 
Before evaluating the gate spectral density (see eq. 4.36) and the cross 
spectral density (see eq. 4.37), we need to calculate the integral: 
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 (4.62) 
where A and B are functions of the normalized charges, qS and qD: 
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 (4.64) 
Using eq. (4.61), the following compact analytical expressions for eqs. 
(4.36) and (4.37) are found: 
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∫  (4.69) 
The cross noise spectral density is calculated by: 
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Finally, the gate and cross spectral densities are given by: 
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These expressions depend on the drain current ID, and expressions A, B, C, 
D, E which are functions of qS and qD. The length Lc is given by eq. (4.39). Using 





=  (4.74) 
where G is given by: 
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If we consider the heating effect of electrons in the gradual channel region, and use 
the approximation that the noise temperature is equal to carrier temperature given 
by eq. (4.34) (Tn=Te), then eq. (4.55) must be replaced by: 








= +  (4.76) 


















Using eq. (4.77), the drain, gate and cross noise spectral densities can be 
analytically obtained following the same steps as the case without carrier heating. 
The new expressions for C, D, E and F when the heating effect is considered are: 
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According to several authors [Deen-2006], the velocity saturation effect 
only contributes to the total noise in the linear part of the channel. It was 
successfully shown by M.J. Deen et al. [Deen-2006] that the contribution of the 
velocity saturation region to the output noise current is negligible as the carriers in 
that region travel at their saturation velocity vsat and they do not respond to the 
fluctuations of the electric field caused by voltage noise in that region. This 
argument has been the basis of most of the channel noise models published. In the 
saturation region of the channel, we can expect that Tn will be higher than the 
electronic temperature (Te), but these noise fluctuations are not collected at the 
terminals. For this reason, for the integrals involved in eqs. (4.35-4.37), the upper 
limit VD must be replaced by VDsat (see eq. 4.49) in the saturation region 
(VDS>VDSsat). 
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4.6.3 Results and Discussion 
 
Some noise models have been proposed in the literature for MOSFETs. Following 
the Van der Ziel notation [Ziel-1986], the drain current noise spectrum density is 




S kT g γ=  (4.82) 
where 4kTLgds0 is the current noise spectrum associated to a conductance gds0 at 
temperature TL. In the case of a MOSFET, however, since a channel conductance 
gds depends on a bias voltage, gds is fixed to the value obtained when VDS=0 
(gds0=gds(VDS=0)). The noise excess factor γ is used to evaluate the characteristics of 
the thermal noise. For VDS=0, γ=1 because the channel is like a conductance of 
value gds0. In the case of long channel, it has been found experimentally and 
theoretically that 2/3≤ γ ≤1 in a linear region and γ converges to 2/3 in the 
saturation region. 
As mentioned above, the physical origin of the induced-gate noise (Sig2) is 
the capacitive coupling of the channel conductance to the gate capacitance. Based 















=  (4.84) 
where Cgs is the gate-source capacitance. The expression is valid in the saturation 
region for frequencies below 1/3 of the cut-off frequency fT and this frequency 
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range is sufficient for most real applications of the device. Theoretically, the gate 
excess noise factor, β, tends to 4/3 and the imaginary part of coefficient Im(C) 
tends to 0.4 in saturation for the case of long channel. The bias behavior of the 
excess noise factors and correlation coefficients for SGT with different channel 




Fig. 4.10. The drain excess noise factor γ  as function of drain voltage (R=5nm, tox=3 nm 
and VGS-VTH=0.5 V): (a) considering Tn=TL, (b) including carrier heating 
 
Figure 4.10 shows the drain excess noise factor γ  as function of drain 
voltage for a SGT with R=5nm, tox=3 nm and VGS-VTH=0.5 V. As the channel 
decreases, the drain noise factor also decreases. It can be observed that for the 
long-channel case in saturation, the drain excess noise factor γ  tends to 2/3, and 
for VDS=0 it tends to 1. The values decrease steadily with the drain bias in 
saturation regime, which is attributed to the channel length modulation effect 
through the corrected length Lc and the potential distribution and the related 
mobility distribution along the channel. Such decrease of γ with the drain bias 
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becomes more critical for devices with smaller channel lengths, because the 
channel length modulation has larger effects for the short-channel devices. 
Moreover, when the gate length decreases, Lc differs from the channel length L. 
Figure 4.11 shows the ratio between the corrected length and channel length Lc/L 
for different gate lengths as function of gate voltage and drain voltage. The 
corrected length tends to L for the long channel case. In the long channel case we 
can consider that the critical field Ec tends to infinite and velocity saturation will 
not occur, thus from eqs. (4.51) and (4.53), gc is equal to g and Lc=L.  When the 
channel length decreases, gc differs from g and the corrected length can be up to 
1.5 times higher than the effective length for short channel cases. As a conclusion 
the noise model based on the conventional Klassen-Prins [Lazaro-2009; Klaassen-
1967] which considers gc=g and Lc=L is not useful to model the channel noise for 




Fig. 4.11. (a) Normalized corrected length Lc/L as function of gate voltage (R=5nm, 
tox=3nm, VDS=1V). (b) Normalized corrected length Lc/L as function of drain voltage 
(R=5nm, tox=3nm and VGS-VTH=0.5V. 
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(a) (b) 
Fig. 4.12. The gate excess noise factor β as a function of drain voltage (R=5nm, tox=3 nm 
and VGS-VTH=0.5 V): (a) considering Tn=TL, (b) including carrier heating 
 
Figure 4.12 shows the gate noise factor β  for the same SGT and same bias 
conditions of Fig. 4.10. The factor β  increases with the reduction in the channel 
length. Also, the factor β   is almost constant for the long channel case and close to 
4/3. Figure 4.13 shows the imaginary part of the correlation coefficient as a 
function of drain voltage for the same SGT (R=5nm, tox=3 nm and VGS-VTH=0.5 V). 
In the linear bias region, the correlation coefficient is close to zero and linearly 
increases with drain bias. In the saturation region is almost constant. It is around 
0.4 for the long-channel case, and goes to 0 at VDS=0 V, where the transistor is 
similar to a resistor. This coefficient decreases with channel length reduction. 
For a SGT with R=5nm and tox=3 nm, Fig. 4.14 and 4.15 show the drain 
and gate excess noise factors as well as the imaginary part of the correlation 
coefficient as a function of gate voltage, at a fixed drain voltage of 1 V. The drain 
excess noise factor γ  remains relatively constant with the increase of gate voltage 
for all channel lengths (Fig. 4.14). On the other hand, the gate excess noise factor 
UNIVERSITAT ROVIRA I VIRGILI 
COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS 
Bogdan-Mihai Nae 
DL: T. 1456-2011 
β  (Fig. 4.15) is found to depend strongly on the gate voltage for short-channel 
devices and it exceeds the value for long channels considerably. The value of the 
imaginary part of the correlation coefficient as a function of gate voltage (Fig. 




Fig. 4.13. The imaginary part of the correlation coefficient Im(C) as a function of drain 




Fig. 4.14. The drain excess noise factor γ  as function of gate voltage (R=5nm, tox=3 nm 
and VDS=1 V): (a) considering Tn=TL, (b) including carrier heating 
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(a) (b) 
Fig. 4.15. The gate excess noise factor β as a function of gate voltage (R=5nm, tox=3 nm 
and VDS=1 V): (a) considering Tn=TL, (b) including carrier heating 
  
(a) (b) 
Fig. 4.16. The imaginary part of the correlation coefficient Im(C) as a function of gate 
voltage (R=5nm, tox=3 nm and VDS=1 V): (a) considering Tn=TL, (b) including carrier 
heating 
 
Previous figures compare the case where the noise temperature is equal to 
the lattice temperature and the effects of carrier heating are ignored, and 
considering that the noise temperature is equal to the carrier temperature given by 
eq. (4.34). Although this assumption is questionable [Nougier-1977], it can help to 
understand the effect of heating in the gradual channel region.  In addition, this 
assumption allows obtaining analytical expressions for the noise spectral densities. 
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Fig. 4.10b and Fig. 4.14b show an important increase in drain excess noise ratio γ 
when heating is considered. Also important increases in gate excess noise ratio β 
are caused (Fig. 4.12b and 4.15b) by carrier heating. However, the correlation 
coefficient (Fig. 4.12b and 4.15b) decreases when carrier heating is incorporated. 
The bias and scaling behavior predicted for the present SGT MOSFETs noise 
model agree with other compact models for conventional SG MOSFETs. However, 
experimental results from different authors [Deen-2006; Mahajan-2009; Klein-
1999; Knoblinger-2001] for SG MOSFETs for various lengths found excess noise 
ratios γ greater than 1 for short channel devices below 100 nm. Also experimental 
results [Han-2004; Jundal-2006] show an important increase of γ with drain voltage 
for sub-100 nm gate lengths SG MOSFET devices. Various theories supported by 
experimental measurements have been developed to explain this channel excess 
noise. Klein [Klein-1999] and Knoblinger et al. [Knoblinger-2001] attribute the 
excess channel noise to the carrier heating in the velocity saturated region. 
However, Deen et al. [Deen-2006] show experimentally that hot carrier effects in 
the saturation region are negligible, as considered in the present model. They 
explain the excess noise using channel-length-modulation (CLM) only. R.P. Jindal 
[Jindal-2006] attributes part of this excess noise to the noise contribution due to a 
shot noise associated to a diffusion current at the source side of the channel. 
However, device simulations using drift-diffusion and hydrodynamic models for 
sub-100 nm MOSFETs report noise less than the noise seen experimentally 
[Mahajan-2009]. Additional noise mechanisms or noise contributions must be 
taken into account in simulations in order to explain the experimental results. There 
is a lack of experimental noise and simulated results using more accurate 
techniques such as Monte Carlo to validate these statements for sub-100 nm SGT 
MOSFETs.  
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4.7 Conclusions 
 
The model presented in this section includes the channel noise, the induced-gate 
noise and the cross-correlation noise between drain and gate noises. The 
expressions are analytical and they depend on the mobile charge at the source and 
drain ends of the channel. The values of the excess noise factors and correlation 
coefficients follow the values previously obtained in the DG MOSFET model 
[Klaassen-1967]. Moreover, the compact noise model described does not use 
adjusting parameters, thus making it ideal for being used in circuit simulators with 
SGT MOSFETs. 
The effect of carrier heating in the gradual channel has been investigated. 
According to the literature the noise associated with the saturation region has been 
neglected. Important increases are observed due to gradual channel heating for the 
drain and gate excess noise ratio when the gate length decreases. However, the 
increases in transition frequency (fT) with downscaling compensate this effect, and 
the intrinsic minimum noise figure decreases with downscaling because it is 
proportional to f/fT . However, the present model using the noise temperature equal 
to the carrier temperature does not give drain excess noise ratios higher than unity, 
as experimentally observed for sub-100 nm conventional MOSFET devices. The 
lack of noise experimental results in the literature for SGT devices does not permit 
to clarify the importance of excess noise in these devices. An improved channel 
noise temperature that takes into account more accurately the channel heating 
needs to be investigated further in order to explain possible discrepancies in 
nanoscale devices. Small dependence of excess noise parameters γ, β and 
correlation coefficient on the silicon radius is found using the noise model 
presented here. However, quantum effects must be incorporated in the charge 
control when the silicon radius decreases. These effects can be taken into account 
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by modifying the charge model proposed by B. Nae et al. [Nae-2009]. The compact 
model used here for the drain current is based on a drift diffusion formulation that 
could be questioned for nanoscale devices. A more sophisticated transport model 
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The Triple-Gate (or FinFET) transistors were born from the need to overcome 
technological limitations of current MOS technology, and improve the 
performances of CMOS devices. They are three dimensional FET devices which 
are compatible with existing CMOS fabrication, and do not require any special 
technology processes, like, for example, the bottom gate alignment on DG devices.   
The purpose of this study is to examine the performance capabilities of 
Triple-gate devices in the RF regime using a simulation study of their small-signal 
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behavior in order to compare their performance with state of-the-art planar RF 
MOSFETs. 
The inclusion of the quantum confinement effects in these models becomes 
mandatory due to the use of ultra-thin silicon oxides. Hence, a self consistent 
solution of the two-dimensional (2D) Schrödinger and Poisson equations is needed. 
The three dimensional structure of FinFETs makes it difficult to obtain an 
analytical classical and quantum charge control expression. In this chapter, an 
empirical charge control expression derived from a DG structure will be proposed. 
This expression depends on adjustable parameters that must be derived from 
numerical simulations or experimental measurements and will allow us the 
calculation of the channel current.  
This model includes velocity overshoot through a one-dimensional energy-
balance model [Baccarani-1999; Lazaro-2006], the effect of saturation region and 
the channel modulation length effect and the mobility degradation produced by 
quantum effects [Ge-2002]. 
The DC model is extended to the RF/microwave frequency range using the 
active transmission line approach [Pailloncy-2004; Lazaro2-2006]. Diffusion and 
shot noise sources are included in the active line in order to study the noise 
behaviour of these transistors. Needless to say the carrier temperature has a great 
influence in high frequency noise behaviour. In the drift-diffusion models the 
carrier temperature is calculated using empirical relationships with electric field, 
while in the model presented here, the carrier temperature along the channel is 
obtained from the energy-balance model. This study will present a comparison 
between the drift-diffusion and non-stationary models, applied to RF operation. 
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5.2 Charge Control Model 
 
We consider a Triple-Gate device which, from the geometrical point of view, is 
similar to a FinFET device, in the sense that its height is much higher than its 
width. For that reason, from this point on, we will call the device used in the 
simulations a FinFET. A simple diagram showing the FinFET structure is given in 
Fig 5.1. The FinFET uses a single poly-Si layer deposited over a silicon fin 
patterned to form perfectly aligned gates straddling the fin structure. The other side 
of the channel ends at the buried oxide. The Si fin acts as the device channel and 
terminates on both sides at the source and drain. The fin is raised above the usual 
manufacturing plane. The polysilicon gate straddles the Si fin and thus the gate is 
on both sides of the channel. This leads to a very good electrostatic control of the 
channel charge by the gate compared to conventional MOSFETs. 
The inversion charge associated to lateral and top gates can be calculated 
using 2D ATLAS device simulation of FinFET cross section from the electrical 
field integral along the gates (Fig. 5.2a). Figure 5.2b shows these charges as a 
function of the applied gate voltage for a FinFET with Wfin=10nm, Hfin=50nm, 
tox=1.5nm, tbox=50nm. This figure shows that the threshold voltage for the lateral 
and top gates has a small shift. The charge contribution associated to the top gate is 
small compared to the charge controlled by lateral gates. This effect is observed in 
devices with small aspect W/H ratios. This result suggests a charge control model 
similar to that employed for DG SOI devices. 
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Fig. 5.1. The FinFET structure used in the simulations 
  
(a) (b) 
Fig. 5.2. A cross-section of the FinFET device used in the simulations (a); Charge 
associated to top and lateral gates and total charge calculated with SILVACO ATLAS and 
with the compact model Wfin=10 nm, Hfin=50 nm, tox=1.5 nm, tbox=50 nm. (b) 
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Three cases will be discussed in this study: a classical charge control 
model and quantum correction for both undoped and doped devices. For the 
undoped case, an exact solution for the surface potential can be obtained following 
the method proposed by Taur [Taur-2004]. The solution is expressed as a function 
of a parameter β that depends on the surface potential. This parameter is found 
solving a nonlinear equation resulting from the boundary conditions for the electric 
field at the surface. Following J.-M. Sallese et al. [Sallese-2005], the charge control 
model can be linearised, resulting in: 
0
0 0
ln lnG G GGS TH T T
ox
Q Q Q Q
V V V V V
C Q Q
+
− − = + +  (5.1) 
where VGS is the gate voltage, V is the channel potential, Cox is the oxide 
capacitance, VT=kT/q is the thermal potential, Q0=2CoxVT (for the undoped DG 
MOSFET case) is a process dependent parameter, and VTH is the threshold voltage. 
Note that the inversion charge density Q is Q=2QG. 
For the doped case, numerical simulations have shown that the difference 
between the surface potential and central potential, 0sφ φ− , keeps a constant value 
from the subthreshold region to well above threshold [Francis-1994]. Thus, the 
same charge control model given in eq. (5.1) can be obtained [Iniguez-2006; 
Iniguez2-2006; Moldovan-2007], but replacing Q0 with the depletion charge 
Qdep=qNAtsi. 
By means of Lambert-function (defined as the solution to the equation 
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where Qn=nCoxVT, and n=2 for QG>>Q0, i.e., well above threshold,  when eq. (5.2) 
is an infinitely continuous solution of eq. (5.1). Then n can be interpreted as a 
fitting parameter with values between 1 and 2.  
However, the Lambert-function does not have an explicit form. This 
function is implemented in several common mathematical codes (MATLAB, 
Maple, Mathematica) using a series expansion or iterative methods (see Annex III 
for details on the Lambert function). For compact modeling a good explicit 
approximation (a relative error less than 10-2) of the Lambert-function, based on a 
Hermite-Padé rational approximation, is given by [Winitzki-2003]: 





≈ + − + + 
 (5.3) 
Note that eq. (5.1) is the same expression used by A. Lazaro et al. [Lazaro-2006] 
considering quantum confinement, and assuming that the eigenvalues of the 
Schrödinger equation can be derived from the case of an infinite rectangular 
quantum well. A numerical self-consistent solution of Poisson-Schrödinger 
equations shows that the main difference between the classical and quantum charge 
control is a shift in the threshold voltage and a reduction in the gate capacitance 
[Baccarani-1999; Lazaro-2006].  
Also, the same charge control given in (5.1) can be obtained for other types 
of multiple gate transistors such as Gate-All-Around (GAA) or Surrounding-Gate 
Transistor (SGT) [Iniguez-2006]. 
In the case of FinFETs, due to their 3D structure, the charge control given 
by eq. (5.2) may be used considering Qn, VTH and n as unknowns to be extracted 
from capacitance measurements or numerical simulations. To improve the 
agreement we propose a new explicit function: 
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exp THGSndep
Tef




    
− −
= +  (5.4) 
where Qdep is the depletion charge, and n is replaced by the following smoothing 
function: 





n n n n V V V Vn
nV
  
       
+ − − − +∆
= +  (5.5) 
where nmin is the minimum slope (nmin=1) and nmax is the maximun slope (nmax is set 
to 3 in order to include the top gate charge contributions). In eq. (5.5) a small shift 
ΔVTH is introduced in order to take into account the voltage shift for the top gate 
charge contributions, n is a smoothing parameter that controls the abruptness of the 
slope transition between nmin and nmax typically takes values close to 15. The new 
charge expression (5.4) has four adjustment parameters (VTH, ΔVTH, Qn and n). In 
eq. (5.5), in the subthreshold regime, we get nef ≅1, and obtain the subthreshold 
slope. As VGS increases, nef approaches nmax which means that eq. (5.5) extends 
expression (5.2) into the subthreshold regime. 
Figure 5.2b compares the charge per unit area extracted from Silvaco 
ATLAS simulations and the one obtained using eq. (5.2) for an undoped FinFET 
(in fact a very light doping of 1011 cm-3). The good agreement obtained with both 
approximations proves that the charge control model presented here can also be 
used for FinFETs for typical RF bias points. However, the agreement using eq. 
(5.2) is not good in the subthreshold region. The reason is that in this region Q is 
comparable to Q0 and the subthreshold slope n tends to 1. Figure 5.2b shows a 
good agreement between ATLAS simulations and the new charge expression (5.4) 
in all bias regions. 
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Fig. 5.3. Total charge sheet density numerically calculated (∇ classic and o quantum) and 
the charge control model (solid-line) for a FinFET with (Wfin=10 nm, Hfin=30 nm, tox=1.5 
nm, tbox=50 nm). 
 
As previously mentioned, new MOSFET architectures, such as ultrathin-
body single- or multi-gate FETs, can in fact be scaled down more aggressively than 
the bulk-CMOS ones, and may become good candidates for future technology 
nodes. For such reduced dimensions quantum effects must be taken into account. 
Hence, the channel charge must be obtained from the self-consistent solution of the 
2D Schrödinger–Poisson equations. A home-made simulation tool has been 
developed using partial differential equations toolbox in MATLAB [Ruiz-2007]. 
The same charge control equation (5.4) could be applied for the quantum case 
changing the adjustment parameters. In Fig. 5.3 the total charge sheet density is 
numerically computed for a FinFET (Wfin=10 nm, Hfin=30nm, tox=1.5 nm, tbox=50 
nm). This figure compares the classical and quantum simulations with the compact 
charge control model proposed here.  
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Fig. 5.4. Capacitance simulated (∇  classic and o quantum) and calculated with charge 
control model (solid-line) for a FinFET with (Wfin=10 nm, Hfin=50 nm, tox=1.5 nm, 
tbox=50 nm). 
 
Figure 5.4 shows the capacitance for the same FinFET. A good agreement 
between numerical simulations and the compact charge control has been found in 
the classical and quantum cases in the whole range of applied bias. The two main 
effects observed in this figure are an increase in the threshold voltage and an 
important reduction of channel capacitance for the quantum simulations. 
 
5.3 Drain Current Model 
 
In extremely short channel DG MOSFETs and FinFETs the channel is quasi-
ballistic, and as a consequence an important velocity overshoot is expected 
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[Baccarani-1999]. Using a simplified energy-balance model, the electron mobility 
is a function of the electron temperature related to the average energy of the 
carriers.  
The transport model previously developed for DG-MOSFETs [Lazaro-
2006] is extended to the FinFET case. Following G. Baccarani et al. [Baccarani-
1999] and A. Lazaro et al. [Lazaro-2006] , the drain current in the linear channel 















nW Q V dV
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where the energy-relaxation length is defined as 2w sat wvλ τ≈ , τw being the energy 
relaxation time, and vsat the saturation velocity. In case of FinFETs, for scaling 
purposes and for comparison with other MOSFET structures, W can be assumed 
equal to W=nfingers(Wfin+2Hfin), Wfin and Hfin being the fin width and height, 
respectively, and nfingers the device number of fingers. 
Therefore, the expression of IDS can be written in terms of carrier charge 
densities. The above integrals (5.6) can be numerically computed using quadrature 
integral formulas. In order to obtain explicit expressions we linearize the charge 
around half saturation voltage: Vm=VDSsat /2. Then the charge can be expressed as: 





Q V Q V V V Q V
dV
α≈ + − = + ∆  (5.7) 
Integrating the charge density between Qs and Qd (Q=Qs at the source end and 
Q=Qd at the saturation point or drain end), we obtain:  
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∫  (5.8) 
The dependence of the mobility µ on the normal electric field is often 
referred to as mobility reduction, whereas the dependence on lateral electric field is 
often referred to as velocity saturation. We use the semiempirical model presented 
by V.P. Trivedi et al. [Trivedi-2004] but considering an effective DG-MOSFET 
thickness tsi=Wfin. The effective mobility is approximated by the mobility at the 
midpoint, μeff=μ(Vm). 
In order to evaluate the integral in the denominator of eq. (5.6), we need to 
know the temperature profile along the channel. The electron temperature Te is 










+ = −  (5.9) 
Equation (5.8) can be integrated assuming a constant λw, under boundary condition 
Te(x=0)=T0, and the x-component of the electric field expressed as a function of the 
channel potential, Ex(x)=-dV(x)/dx: 
0
0













= + − ∫  (5.10) 
As an approximation, in the channel linear region we can assume that the 
lateral field is linear from a small value at the source end to the saturation field at 
x=Le (Ex=Esat·x/Le). Using eqs. (5.8) and (5.10), we obtain: 
0
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and VDSS is equal to VDS for non saturated channels (Le=L) and VDSS=VDSsat for 
saturated channels. A smoothing function is used to interpolate VDSS: 
[ ]{ }ln 1 exp ( ) / ( / )DS DSsat
DSS DS




= −  (5.13) 
where A is the parameter that controls the transition between saturated and non 
saturated channel (in this model A=1 is chosen for smooth transition ). 
The value of VDSsat can be found by equalling the drain current given by eq. 
(5.11) with the current in the channel saturation point: 
,( )DS DSsat sat nsI WQ V v=  (5.14) 





1 ( ( ) )
n












α =  (5.16) 
Note that the conventional drift-diffusion model is recovered if λw is set to 0, then 
the non-stationary saturation velocity vsat,ns is equal to the stationary value vsat. 
Channel length modulation should also be included. For VDS<VDSsat, the 
device works in the linear region, with Le=L and VDSsat=VDS.  For VDS>VDSsat, the 
device operates in the saturation regime, and the channel is partially saturated, and 
the saturated channel length is given by: 
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where Lc=a·λc is proportional to the characteristic length λc (using the same 
expression for DG transistors given by J.P. Colinge [Colinge-2004]), and a is a 
fitting parameter (0<a≤1). 
 
5.4 Results and Discussion 
 
In this section some simulated results will be obtained using the previously 
presented model. First, the DC drain characteristics are obtained. Figure 5.5 shows 
the drain current characteristics for a 50 nm gate length FinFET (Wfin=10 nm, 
Hfin=50 nm, tox=1.5 nm) calculated with the above described model. In Fig. 5.5a the 
temperature model is used, whereas in Fig. 5.5b the drift-diffusion transport model 
is used. The effect of velocity overshoot translates into an increase (about 25% 
higher for this gate length) in the drain current and transconductance. Due to the 
reduction in the channel capacitance (see Fig. 5.4) an important reduction in the 
drain level is observed in the quantum case for the same gate voltage overdrive. 
In order to take into account the most important effects, such as non quasi 
stationary effects, the gate and drain correlation between noise sources, and the 
tunnelling gate current noise, we use the segmentation method [Lazaro-2006; 
Lazaro2-2006]. This method is based on splitting the channel in several channel 
slides. For each channel slide a local small-signal equivalent circuit (see Fig. 5.6a) 
is derived from the charge control and drain current. This circuit is composed by 
the gate to channel capacitance, Cgc, the channel conductance gc and the 
transconductance gm. 
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(a) (b) 
Fig. 5.5. A comparison of drain current for FinFET (Wfin=10 nm, Hfin=30 nm, tox=1.5 nm, 
tbox=50 nm)), L=100 nm, for classical charge control (•) and quantum charge (−) using a) 
Temperature model b) Drift-Diffusion model. The gate voltages are VGS-VTH=0.5, 0.75, 1 
and 1.25 V. 
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where ( ) ( )gc GSV y V V y= − . 
The derivative dQ/dVgc in eqs. (5.18-5.19) can be obtained analytically 
from eq. (5.4), and the electric field is supposed to change linearly with the channel 
distance in the linear region, and it is given by eq. (5.21) in the saturation region: 
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where Esat is the electric field at the saturation channel point and is obtained from 
VDSsat, under the linear field approximation in the linear region. 
The local noise sources are taken into account in order to simulate the 
noise parameters. Thus, we include a channel noise source due to diffusion noise 
(in) and a shot noise source associated with the tunneling gate current (ing). Also the 
tunneling gate conductance may be taken into account. Using the nodal analysis the 
Y parameters and admittance correlation matrix of the intrinsic circuit are 
calculated [Lazaro-2006; Lazaro2-2006]. By using common matrix correlation 
relations, the extrinsic small-signal and noise parameters are calculated (Fig. 5.6b). 
From intrinsic Y parameters the typical FET admittance small-signal model can be 
obtained by means of real and imaginary part identification. Finally, the parasitic 
resistances (Rs, Rd, Rg) and inductances (Ls, Ld, Lg) are added.  
The cut-off frequency (fT) and maximum oscillation frequency (fmax) are the 
most important RF figure merit parameters [Raskin-2006; Pailloncy-2004]. These 
parameters can be calculated from the small signal equivalent circuit extracted 
from the Y parameters computed using the active transmission line analysis 
identifying each branch of the Pi equivalent circuit. 
2 ( )2 1 2 /
m m
T
gs gdgs gd gs
g g
f























where Cgs and Cgd, are the gate to source and gate to drain small signal capacitance 
respectively, including fringing and overlap capacitances, gm is the gate 
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transconductance, Ri (in series with Cgs) takes into account the distributed nature of 
the MOSFET and gds is the drain-to-source conductance. 
 
 
Fig. 5.6. (a) Local equivalent circuit for a channel slide, and (b) FinFET small signal 
equivalent circuit 
 
  As shown in eqs. (5.22-5.23), fT depends on the ratio between gm and the 
total gate capacitance while fmax also depends on the source/drain and gate parasitic 
resistances, and the ratio Cgd/Cgs. In this model the fringing and overlap capacitance 
are estimated using the analytical model proposed by W. Wu et al. [Wu-2006], 
whereas the gate resistance and source and drain resistances are calculated using 
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Fig. 5.7. Simulated cut-off frequency ft versus gate length for FinFET (Wfin=10 nm, Hfin=30 
nm, tox=1.5 nm, tbox=50 nm, VDS=1 V, VGS-VTH=0.5V). A Comparison between the classical 
and quantum charge controls for the Drift-Diffusion and temperature or temperature models 
are shown. 
 
Figures 5.7 and 5.8 compare the fT and fmax calculated with drift-diffusion 
and hydrodynamic (or electron temperature) model for a FinFET (Wfin=10 nm, 
Hfin=50 nm, 100 fingers, VGS−VTH=0.5V, VDS=1V). Due to the overshoot effect the 
values of fT and fmax are considerably higher in the temperature transport model. 
Small differences have been shown in fT between classical and quantum charge 
control models. This is due to the fact that fT depends on the ratio gm/Cgs, where the 
numerator and denominator are affected in the same magnitude for the channel 
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capacitance. Then, except for the threshold voltage shift, the channel capacitance 
reduction due to quantum effect is not appreciable in fT. However, the differences 
in fmax between classical and quantum case are more important due to the 
differences in intrinsic resistance and channel conductances. For shorter gate length 
the overshoot velocity effect, taken into account in the temperature transport 
model, increases the transconductance and, as a consequence, the value of fmax. 
 
 
Fig. 5.8. Simulated fmax versus gate length for FinFET (Wfin=10 nm, Hfin=30 nm, tox=1.5 nm, 
tbox=50 nm, VDSds=1 V, VGSgs-VTH=0.5V). A Comparison between the classical and 
quantum charge controls for the Drift-Diffusion and temperature or temperature models are 
shown. 
 
Changing to a current-current representation, we define a set of 
dimensionless noise coefficients which are convenient for noise figure calculations, 
the so-called Pucel´s parameters P, R and the correlation coefficient C: 
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where T0=290 K and Δf is the frequency bandwidth. An accurate knowledge of P is 
important because it characterizes channel noise. The correlation is essentially 
imaginary because of the capacitive coupling between the channel and the gate. 
 
For a typical low noise bias point, the shot noise due to the gate tunneling 
effect can be neglected compared to diffusion noise [Pailloncy-2004]. Then, the 
minimum noise temperature including parasitics can be written as a function of 
correlation matrix elements [Danneville-2005]: 
2
min 02 (1 ) ( 2 )( )g s m
T
f
T T PR C P R C PR R R g
f
= − + + − +  (5.27) 
Figure 5.9 shows the admittance noise parameters R, P, C previously 
defined in eqs. (5.24-5.26) as a function of gate length for a FinFET (Wfin=10 nm, 
Hfin=30 nm, tox=1.5 nm, tbox=50 nm, 100 fingers, VDS=1V, VGS−VTH=0.5V). The 
value of parameter R is found to be almost constant, equal to 0.2 for classical 
transport and around 0.15 for temperature transport, which makes the induced gate 
noise current source only dependent on Cgs and gm. The parameter P is the most 
affected by both short-channel and hot-carrier effect increasing with downscaling. 
The values of P are larger in the temperature model, because the intrinsic noise 
source in the local equivalent circuit is higher than the drift-diffusion case due to 
the hot carrier effect. The correlation coefficient C decreases with downscaling in 
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the drift-diffusion model whereas in the temperature model remains almost 
constant with a small increase. From eq. (5.27) the higher value of C compensates 
the effect of larger P resulting in a lower noise figure for shorter gate lengths in the 
temperature model.  The range of values of R, P and C parameters obtained here 
are quite comparable with the experimental ones obtained for 110 nm gate length 
SG MOSFET devices [Pailloncy-2004]. 
 
 
Fig. 5.9. Intrinsic noise model R, P, C for FinFET (Wfin=10 nm, Hfin=30 nm, tox=1.5 nm, 
tbox=50 nm, 100 fingers, VGS-VTH=0.5V, VDS=1V) . () Classical Drift-Diffusion, (•) classical 
Temperature model, (o), Quantum Drift-Diffusion, (∇ ) Quantum temperature model. 
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Fig. 5.10. Extrinsic Noise Parameters as function of gate length for FinFET (Wfin=10 nm, 
Hfin=30 nm, tox=1.5 nm, tbox=50 nm, 100 fingers, VGS-VTH=0.5V, VDS=1V) at 10 GHz. 
 
Figure 5.10 shows the extrinsic noise figure for FinFET (Wfin=10 nm, 
Hfin=30 nm, tox=1.5 nm, tbox=50 nm, 100 fingers, VDS=1 V, VGS-VTH=0.5V) at 10 
GHz calculated using the drift-diffusion and temperature models. From this figure 
some conclusions can be drawn. First, a lower noise figure is always achieved 
when quantum effects are taken into account. Second, for gate lengths smaller than 
45 nm, lower noise figure values are obtained using the temperature model. This 
fact is a consequence of higher fT and fmax since around these gate lengths velocity 
overshoot compensates the higher intrinsic noise due to larger P values obtained 
using the temperature model. 
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Fig. 5.11. Frequency behaviour of the Extrinsic Noise Parameters including gate current 
effect for FinFET (Wfin=10 nm, Hfin=30 nm, tox=1.5 nm, tbox=50 nm, L=50 nm, 100 fingers, 
VGS-VTH=0.5V, VDS=1V). 
 
The frequency dependence of the noise performance is also studied, as 
shown in Fig. 5.11. For a 50 nm gate length the intrinsic minimum noise figure is 
better for the temperature model than for the drift-diffusion model. Following eq. 
(5.27), the frequency slope of the minimum noise temperature depends on the 
parasitic resistance and the fT, resulting in an important contribution of parasitics in 
the high frequency extrinsic noise. The difference between drift-diffusion and 
temperature transport model increases when the extrinsic (with parasitics) noise 
figure is considered, due to the difference in fT between the two models.  
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5.5 Conclusions 
 
In this chapter, a compact RF model for FinFETs, is proposed, based on a charge 
control model obtained from 2D device simulations where quantum effects 
corresponding to the intrinsic transistor parameters are taken into account. The 
charge control model can be applied to both the classical or quantum cases. 
The channel current model is based on an electronic energy transport 
model which includes the velocity overshoot and hot carrier effects in the noise 
temperature. RF and noise are analysed using the active transmission line method. 
Furthermore, as an application of the model we have described the RF and noise 
performance of FinFET devices with the downscaling of the gate length.  
Comparisons between the two transport models and the influence of 
quantum effects have been studied. The obtained results show important 
differences in drain current, fT, fmax, and noise performances between drift-diffusion 
and hydrodynamic models for short gate lengths. These differences are due to the 
velocity overshoot that increases the transconductance, and hence, fT and fmax 
values. Also, significative difference have been observed in fmax and Fmin between 
classical and quantum models. 
The intrinsic noise figure depends on the temperature model used in the 
simulation. The electronic temperature transport model predicts a higher noise 
temperature in the saturation bias region than the classical relation between carrier 
temperature and electric field, resulting in a higher noise figure. However, for gate 
lengths shorter than 50-60 nm the increase of fT due to velocity overshoot 
compensates for the channel temperature increment, finally resulting in a lower 
noise figure. In these devices, for typical RF operating bias points, the effect of the 
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shot noise introduced by the gate current is small. The simulated results show the 
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The nanoelectronics world is moving forward at incredible speed, and technology 
keeps improving overnight. One can no longer afford to spend months or even 
years evaluating a future technological node, thus the need for a robust evaluation 
system has arisen. Numerical ways of modeling the new device architectures, apart 
from precision, offer very little in terms of performance, and are being replaced by 
new analytical tools, focused on providing exactly that – speed and accuracy. 
However, many analytical tools these days are in fact a combination of numerical 
approaches and analytical expressions, and often rely on adjusting parameters that 
do not give any insight on the internal functioning of the device. What is really 
needed is a complete analytical modeling tool, based on a physical characterization 
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of a device, taking into account all the new phenomena that come into play when 
lowering the dimensions of the devices towards tens of nanometers.  
 This research work has been conceived to cover precisely these aspects. 
The models described here are physical models, with very few adjusting 
parameters, that are usually replaceable with values extracted from experimental 
measurements; they are compact models, making use of approximate expressions 
that have been tweaked to offer a very good fit with numerical simulations and 
offering in exchange the advantage of computation speed, decreasing the 
simulation time and thus the productivity. Another major advantage is the fact that 
these models can be easily incorporated into circuit simulators, which allows 
designers to unleash the full capabilities of the design software to create new 
devices and applications.  
 As for the actual devices, the scaling of the planar MOSFET has been the 
main technology option for the past decade. However, we are at a point where 
materials and device issues arise, opening the door for alternative device structures. 
SOI devices are excellent candidates to replace conventional bulk CMOS. The 
most promising SOI devices for the nanoscale range are based on multiple gate 
structures like the DG, triple gate or FinFET and SGT or Gate-All-Around (GAA). 
These advanced structures can be scaled more aggressively than the bulk-Si 
structures, hence, may be adapted for integrated circuit production. Also, these 
structures are regarded as a near ideal technology, offering a higher drive current 
than its SG SOI counterpart due to larger control over channel region, and this 
strongly enhances the immunity towards the short channel effects. With the 
evolution of MOSFET scaling to shorter gate lengths, the high-frequency 
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capabilities of the transistor have reached the GHz regime so that RF circuit 
applications have been steadily growing. 
In this thesis, the performances of different Multiple-Gate MOSFET (DG, 
SGT and triple-gate) structures has been evaluated, for the RF mode of operation, 
and the noise performances of these devices has been studied. The modeling 
scheme is similar for all these devices and is adapted to each geometry.  
 The basis for all these models is the fully analytical compact model of the 
DG transistor described in chapter 2. This model is an extended version of a 
previously developed compact dc and charge model for doped DG-MOSFET from 
a unified charge control model derived from Poisson´s equation. A quantum case 
has been added, using a simple relationship between the inversion centroid and the 
inversion charge obtained fitting numerical simulation results. Using this compact 
charge control model, DC drain current models are derived assuming drift-
diffusion and hydrodynamic transport mechanisms.  
 We have proved that the electron heating has an important effect on the 
performances of the device, especially with scaling, thus the use of a transport 
model that takes into account this effect (the hydrodynamic transport model) is 
fully justified. 
Several short channel effects have been incorporated into the model, such 
as the effect of hot carriers, channel length modulation, saturation effect, as well as 
the shot noise introduced by the tunneling gate current due to the very gate thin 
oxide (2nm). 
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The RF and noise performances of DG-MOSFETs have been analyzed 
using the active transmission line approach from the compact charge control and 
drain current model. The results we have obtained show important differences in 
drain current, ft and fmax and noise performances between drift-diffusion and 
hydrodynamic transport models for short gate lengths. These differences comes 
from the effect of the velocity overshoot increasing the transconductance, and 
hence, ft and fmax. The intrinsic noise figure depends on the temperature model used 
in the simulation. For short-channel devices operated in the saturation region, noise 
exhibits a strong dependence on the drain bias because the velocity saturation 
region, where the noise temperature is high, occupies a large portion of the 
channel.  Hydrodynamic models predict higher noise temperatures in this region. In 
these devices, for typical RF operating bias points, the effect of the shot noise 
introduced by the gate current is small…however, with further downscaling, this 
effect will have a bigger importance in the final noise figure. 
The same approach has been applied to the SGT structure. In the SGT 
case, the charge control model comes from 2D device simulations where quantum 
effects corresponding to the intrinsic transistor parameters are taken into account. 
The channel current model includes the velocity overshoot and hot carrier effects in 
the noise temperature. RF and noise are analyzed using the active transmission line 
method. Furthermore, as an application of the model we have described the RF and 
noise performance of SGT devices with the gate length being downscaled.  
 For these two devices (DG and SGT), we have also developed a compact 
noise model (instead of the channel segmentation method). It includes the channel 
noise, the induced-gate noise and the cross-correlation noise between drain and 
gate noises. The expressions are analytical and they depend on the mobile charge at 
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the source and drain ends of the channel. noise between drain and gate noises. The 
expressions are analytical and they depend on the mobile charge at the source and 
drain ends of the channel. 
The values of the excess noise factors and correlation coefficients follow the values 
previously obtained in the DG MOSFET model. Moreover, the compact noise 
model described does not use adjusting parameters, thus making it ideal for being 
used in circuit simulators with SGT MOSFETs.  
 This compact noise model reproduces the measured noise bias behavior for 
any gate length found for SG MOSFETs in the literature, without the need for 
additional parameters. Therefore, it is a very promising model for being used in 
circuit simulators with SG, DG or SGT devices. 
As for triple-gate (or FinFET) devices, we have proposed a compact RF 
model, based on the charge control model obtained for the SGT case, but modified 
for this specific architecture. The channel current model includes the velocity 
overshoot and the hot carrier effects in the noise model. The analysis of the RF and 
noise behavior has been done using the active transmission line method, and the 
noise performances have been studied with the downscaling of the gate length, to 
predict the device behavior at future technological nodes. 
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Annex I 
 
Numerical noise modeling 
 
Using the nodal admittance method, the active transmission line can be analyzed 

















(a) SG SOI (b) Symmetrical DG SOI
 
Fig. A1.1. Small-signal and noise model for a channel slide (a) SG SOI MOSFET (b) 
Symmetrical DG SOI MOSFET 
 
The circuit nodes are numbered from 1 to N+1 (1 for source end, and N+1 for 
drain end), and the front gate and back gate nodes are numbered as N+2 and N+3, 
respectively. The current at circuit nodes can be written as: 
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[ ] [ ] ,i ij i n iI Y V i= ⋅ +       (A1.1) 
where Ii is the signal input current at each circuit node, Vi is the node voltage, In,i is 
the noise current at each node, and  Yij is the admittance matrix. The current at the 
internal nodes is equal to zero (Ii,=0, for i=2…N). And the external nodes are 
connected to voltage bias.  
The admittance matrix and the correlation matrix elements are given by the 
following expressions: 
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To obtain the external admittance and correlation matrix, first, the nodes are 
renumbered as internal nodes (I=2…N), and external nodes (nodes 1, N+1, N+2, 
N+3). Then, the equation system (A1.1) can be written as: 
0 i niii ie
e ei ee e ne
V iY Y
I Y Y V i
= ⋅ +
      
      












Then the internal voltages can be obtained as: 
1 1
i ii ie e ii niV Y Y V Y i
− −= − −  (A1.23) 
The intrinsic transistor admittance matrix, Yint, is given by: 
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inte e eI Y V i= +  (A1.24) 
int ·ee ieY Y P Y= −  (A1.25) 
·e ne nii i P i= −  (A1.26) 
where 
1
ei iiP Y Y
−=  (A1.27) 
Using (A1.26) and (A1.27), the intrinsic transistor correlation matrix CYi 
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The intrinsic circuit elements can be obtained from intrinsic Y parameters by 
identification.  
A useful intrinsic noise model proposed by [Pospieszalski-1989; Tasker-
1993; Lazaro-1999] also known as temperature noise model are commonly used. 
The noise sources in this model (Fig. A1.3) are arranged as input voltage noise 
source, eg, and output current noise source, id. 
 
UNIVERSITAT ROVIRA I VIRGILI 
COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS 
Bogdan-Mihai Nae 













































Fig. A1.3. Small-signal equivalent circuit using hybrid noise source configuration for 
intrinsic MOSFET 
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ρ =  (A1.33) 
 The intrinsic admittance parameter, Yi, and admittance matrix, CYi, are 
obtained from (A1.25) and (A1.28), respectively. In order to obtain the transistor S 
parameters and noise parameters the series parasitic resistances and inductance, 
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where 
, , ,x x xZ R j L x s g dω= + =  (A1.36) 
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( )min 12 11 01 2 Re( ) Re( ) / (4 )A opt AF C Y C kT f= + + ∆  (A1.43) 
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Annex II 
 
Analytical Noise Modeling 
 
For the compact modeling of noise, three methods are usually applied: 1) an 
equivalent circuit approach, 2) the impedance field method, or 3) the Langevin or 
Klaasen-Prins method. A.S.Roy et al. [Roy-2006] demonstrated that the three 
methods are equivalent and the same final expression for the spectral densities or 
correlation matrix elements were obtained. Therefore, the compact modeling 
methods could be considered as an analytic analysis technique of the active 
transmission line. The method used in this research - the equivalent circuit 
approach - will be described in more detail below. 
Let us consider a non-uniform channel with a distributed noise current 
source ( ),ni x tδ  [Roy-2006]. The current at any position x can be written as: 
( ) , dV dVI x g V
dx dx
= ⋅  
 
 (A2.1) 
where ig W Qµ=  and W is the width, µ is the mobility, Qi is the inversion charge 
density and V is the channel potential. In the presence of velocity saturation, µ 
starts to depend on the electric field so g will be a function of V and (dV/dx). Figure 
A2.1 shows the basics of calculating noise by an equivalent circuit approach [Roy-
2006]. An elementary noise source ( )',ni x tδ  between x’ and x’+Δx’ sets up a 
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noise current ( )',di x tδ  at the drain. Now ( )',di x tδ  is given by 
( ) ( )' ',eq ng x r i x tδ⋅∆ ⋅  [Roy-2005].  
 
 
Fig. A2.1. Noise calculation using an equivalent circuit approach. (a) the basic method; (b) 
typical potential fluctuation v(x) due to a current source between x’ and x’+dx’ as function 
of position x in the channel. v(x) between x and x+Δx causes a fluctuation in gate current by 
the coupling through capacitance cg(x).   
 
From [Roy-2005] and [Roy2-2005] we have the conductance between a 
fixed point a and a variable point x, gxa defined as: 
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which yields ( ) ( ) ( )1/ 1 / 1 /eq s dg g g= +  as: 
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where gs(gd) is the conductance which point x sees looking towards the source 
(drain). For the sake of simplicity, g(V) and gc(V) is used instead of g(V,E) and 
gc(V,E) from this point on (the field dependence is implied). Δr can be deduced 
from (A2.2) as [Roy-2006]: 
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∫  (A2.7) 
where V’ is the channel potential at x’. The total drain current fluctuation can be 
written as a sum (integral) of the contributions from different local noise sources 
located at x’: 












i t i x t dx i x t dx
L g V
δ δ∆ = = ⋅∫ ∫  (A2.8) 
 In order to calculate the induced gate current, the voltage perturbation 
induced by this elementary noise source as a function of position needs to be 
found. A potential fluctuation v(x) between x and x+Δx causes a fluctuation in gate 
current by capacitive coupling. Therefore, the gate current ig is given by: 
( ) ( )
0
L
g gi j W C x v x dxω= ∫  (A2.9) 
where ( )/g gC dQ dV= , Qg being the charge stored per unit area in the gate.  
 The voltage perturbation at x due to the noise source ( )',ni x tδ , ( ), 'v x x , 
for x<x’ is given by ( ) ( )( )', /d si x t g xδ  (see Fig. A2.1(b)), where 
UNIVERSITAT ROVIRA I VIRGILI 
COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS 
Bogdan-Mihai Nae 

















g V g V dVg V g V dVdx
g V Ig V























 Then, ( ), ',gi x x tδ , the induced gate noise between x and x+Δx caused by the 
current fluctuation between x’ and x’+Δx’, becomes ( )',gi x tδ  due to the 
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Integrating by parts yields: 
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Rearranging and putting the expression of ( )',di x tδ  from (A2.7) we obtain 
( )',gi x tδ  (the contribution to the gate current from the noise source between x’ 
and x’+Δx’) as: 
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 Thus the sum of all elementary contributions to the total induced gate 
current Δig(t) becomes; 
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 Equations (A2.8) and (A2.16) are they key for calculating any noise 
parameter, and as shown in [Roy-2006], these two expressions are identical to the 
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Annex III 
 
The Lambert W Function 
 
Many modern engineering processes, including signals, images and communication 
systems, often have to operate in complex environments dominated by noise. 
Efficient design, control and performance evaluation in these contexts depend on 
the capability of the modeling such noise. One tool for modeling is the special 
function known under the name of the Lambert W function. The Lambert W 
function is defined as the inverse of the function  f(W)=WeW, or: 
( )( ) W xx W x e=  (A3.1) 
for any complex number x. However, in our application only real values of x will 
be considered. 
This function has progressively been recognized in the solution to many 
problems in various fields of mathematics, physics, and engineering, up to a point 
at which many authors convincingly argued to establish the Lambert W function as 
a special function of mathematics on its own. These elements also motivated the 
introduction of the Lambert W function in various mathematical software 
programs, such as Matlab, Mathematica, Maple. However, the main problem of 
this function is that its implementation is purely numerical, which in the field of 
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semiconductors, can lead to increasing computation times, as the dimensions of the 
devices shrink and new quantum mechanical effects come into play. 
In order to solve this problem, several approximations have been proposed 
by mathematicians; however, their uses are many times limited to the negative side 
of the Lambert W function, or to the very near proximity of the center coordinates. 
However, a function proposed by Winitzki [Winitzki-2003] can be successfully 
employed for the simulation of such devices as FinFET (see chapter 5), in the 
range of interest of the bias for these devices. 
( ) ( ) ( )( )
( )













Figure A3.1 presents a comparison between the numerical calculation of 
the Lambert W function implemented in Matlab and this approximation, and shows 
a good agreement, with a very low relative error (Fig. A3.2), which makes it very 
suitable for compact modeling, due to the speed of computations. 
The approximation has been employed in chapter 5 for the computations of 
the charge in FinFET devices, and can be used for other devices as well, like SGT 
or DG transistors. 
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Fig. A3.1. Comparison between the numerical implementation of the Lambert W function 
in  Matlab and the approximation given by Winitzki [Winitzki-2003] 
 
Fig. A3.2. Relative error between the two expressions 
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The nanoelectronics world is moving forward at incredible speed, and
technology keeps improving overnight. One can no longer afford to spend
months or even years evaluating a future technological node, thus the need for a
robust evaluation system has arisen. Numerical ways of modeling the new
device architectures, apart from precision, offer very little in terms of
performance, and are being replaced by new analytical tools, focused on
providing exactly that – speed and accuracy.
This research work has been conceived to cover precisely these aspects. The
models described here are physical models, with very few adjusting parameters,
that are usually replaceable with values extracted from experimental
measurements; they are compact models, making use of approximate
expressions that have been tweaked to offer a very good fit with numerical
simulations and offering in exchange the advantage of computation speed,
decreasing the simulation time and thus the productivity. Another major
advantage is the fact that these models can be easily incorporated into circuit
simulators, which allows designers to unleash the full capabilities of the design
software to create new devices and applications.
In this thesis, the performances of different Multiple-Gate MOSFET (DG, SGT
and triple-gate) structures has been evaluated, for the RF mode of operation, and
the noise performances of these devices has been studied. The modeling scheme
is similar for all these devices and is adapted to each geometry.
The compact noise models presented in this thesis reproduce the measured noise
bias behavior for any gate length found for SG MOSFETs in the literature,
without the need for additional parameters. Therefore, they are very promising
models for being used in circuit simulators for SG, DG, SGT and FinFET
devices.
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